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ABSTRACT 

Two large scale UO2/ZrO2/Zr debris-concrete experiments TURC2 and 
TURC3 are reported here. The experiments consisted of pouring a large 
quantity of molten U02/Zr02/Zr mixtures onto limestone-common sand 
concrete. The molten material was allowed to cool naturally--no 
internal heating was present. Data for concrete ablation, gas 
evolution including composition and flow rate, and aerosol generation 
are presented. 

The experimental results indicate very rapid crusting with no 
detectable concrete ablation. Gas reduction of H20 and C02 to H2 and 
CO was found to occur even with a purely oxidic (UO2/ZrO2) melt. 
Aerosol concentrations varied from 62 g/m3 to less than 1 g/m3 in the 
experiments. 

A thermal analysis of the experiments was performed. The 
analysis is consistent with the result that rapid crusting with 
minimal concrete ablation occurs in both experiments. 
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1. INTRODUCTION 

The interaction of molten fuel, cladding, and core struc- 
tures with a concrete basemat has been recognized since the 
Reactor Safety Study, WASH-1400, as important aspects of severe 
reactor accidents.1 An assessment of the physical source term 
resulting from these interactions is desirable if a comprehensive 
evaluation of the risks posed to reactor containments and engi- 
neered safety systems are to be made. Consequently, if the 
pressure load applied by the molten core debris-concrete interac- 
tions (possibly coupled with other physical events) should fail 
containment, a source of radioactive release to the environment 
would be realized. Over the past several years, an intensive 
study of these core debris-concrete interactions has been spon- 
sored at Sandia National Laboratories by the Severe Accident 
Assessment Branch of the NRC’s Office of Nuclear Regulatory 
Research.2,3,4,5 

A brief review of past experimental  investigation^^,^,^,^^^, 
7 9 8  of molten debris-concrete interactions shows two major 
categories: 

(1) those experiments6,7,8 conducted with simulant material 
such as dry ice, plexiglass, water and, 

experiments2,3,4,5,9 conducted principally with high- 
temperature metallic materials and concrete. 

(2) 

The advantage of the first group of experiments is the possibil- 
ity of observing the interaction zone between the simulant 
concrete and molten debris. However, the fundamental physical 
processes of high-temperature heat transfer with an ill-defined 
ablating material, such as concrete, cannot be simulated because 
it is not possible to match the relevant thermophysical proper- 
ties and the interactions they produce. On the other hand, 
experiments within the second category provides actual data of 
the physical mechanisms of heat transfer and the physical source 
terms, such as combustible gas generation, aerosol generation 
rates, and fission-product release from the molten debris. 

Past high temperature experiments were used to investigate 
the effects of molten-debris concrete interactions. The princi- 
pal thrust of the experiments was the quantification of the 
physical processes which may impact containment integrity. These 
initial experiments provided investigators with an understanding 
of the principal phenomena and led to the development of two 
important severe accident analysis codes: 



(1) The CORCON10,11 model of core debris-concrete interac- 
tion and 

(2) the VANESAI2 model of radionuclide release and aerosol 
generation. 

At the present stage of our investigations for core debris- 
concrete interactions, primarily steel melts and their global 
behavior had been studied. Since the expected core debris com- 
position ejected from the reactor vessel will certainly contain 
U02, ZrO2, and Zr metal (as well as steel), it is imperative to 
investigate the interaction of these prototypic materials with 
concrete. 

The Transient Urania-Concrete Test (TURC) program had been 
initiated to provide a preliminary observations of large scale 
U02/Zr02/Zr melt-concrete interactions. The TURC test matrix, 
shown in Table 1.1, consisted of four experiments: two metallic 
melt-concrete tests (TURClT and TURClSS), a molten U02/Zr02- 
concrete test (TURC2) and a U02/Zr02/Zr-concrete test (TURCS) . 

The results of the TURClT and TURClSS experiments were 
reported in reference #9. In this report the results of the last 
two experiments, TURC2 and TURC3 will be presented. Due to 
similarity of all the TURC experiments extensive reference to the 
TURCl series of experiments is made. 
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Table 1.1 

TURC Test Matrix 

Molten Debris Debris 
Experiment Debris Temperature Mass Concrete 

" K  Kg 

TURClT Fe-Al203 -2700 200 LCS* 

TURClSS S . S .304 2350 200 LCS 

TURC2 U02/ Zr02 2660 200 LCS 

TURC3 UO2/ZrO2/Zr 2575 200 LCS 

*Limestone-Common Sand 



2. EXPERIMENT DESCRIPTION 

2.1 Overview of ExDerimental Facilities 

The experimental facility for conducting TURC2 and TURC3 is 
shown schematically in Figures 2 . 1  and 2.2. The facility con- 
sists of two major components: (1) the melt generator, in which 
the melts were produced; and (2) the interaction chamber where 
the molten debris-concrete interaction occurs. 

The melt generators for the experiments differ significantly 
from the TURCl experiments due to the different method of produc- 
ing the molten debris. In TURC2 and 3 an induction ring embedded 
suspector technique (IRIS) was employed in the Sandia Large Melt 
Facility to generate 200 kg quantities of molten debris. The 
IRIS technique employs the method demonstrated by Copus13 for 
melting oxide materials. The technique consists of inductively 
heating embedded refractory metal rings within a matrix of the 
core debris material (see Table 2.1). The rings, in turn, heat 
and melt the debris material. Once the matrix begins to melt, a 
pool forms and continues to grow until it reaches the cooler 
outer boundary, thus freezing and forming a crust. This self- 
sculling provides adequate protection of the outer structural 
alumina crucible. 

Once the melt has been produced, the molten debris is teemed 
down into the experiment crucible, 
action chamber. 

located within a 13 m3 inter- 

After the teeming process is completed, the top orifice of 
the crucible is sealed with a sliding portcullis. Reaction 
products generated during the interaction are vented through an 
exit port and piped out of the interaction chamber, into a gravel 
filter. 

The crucible utilized in these experiments is the same 
design as those which were used in the TURCl experiments.9 
crucible consists of an instrumented concrete slug cast at the 
base of a MgO annulus, The crucible design permits only axial 
ablation of the concrete slug. 

The 

The instrumentation of the experiment consisted of embedded 
thermocouples within the interaction crucible, discrete sampling 
of evolved gases, and aerosol instrumentation. 

In order to evaluate the transport of fission products 
during melt-concrete interaction, various chemical species, 
listed in Table 2 .2 ,  were added to the melts, either in the 
furnace or the crucible, and samples of aerosols evolving from 
the melt pool were taken. The instrumentation utilized during 
the experiments is described in further detail in Section 2 . 4 .  

-4- 
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Figure 2.1. " R C 2  and 3 Experimental Facility 
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Figure 2.2. IRIS Melt Generator 
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Table 2.1 

Bulk TURC2 and TURC3 Initial Debris Composition 

TURC2.r TURC3* 
Mater i a1 weight % Mass, Kg weight % Mass, Kg 

uo2 70 140.0.i. 63.7 123.4 

ZrO2 30 60.0 27.3 54.6 

Zr 0 0.0 9.0 18 

* P l u s  fission product mock listed in Table 2.2. 
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Table 2.2 

TURC2 and TURCS Fission-Product Mocks 

Fission 
Product Quantity Category 

Te 

Mn 

Mo 

CSI 

BaO 

ZrO2 

CeO2 

La2O3 

Ni 

*Loaded 
**Loaded 

1 kg* 

1 kg** 

1 kg** 

1 kg* 

1 kg** 

1 kg** 

1 kg** 

1 kg** 

1 kg** 

Choleogens 

Early Transition Elements 

Early Transition Elements 

into experimental crucible 
into melt generator 

Halogens 

Alkaline Earths 

Te tr av a1 en t s 

Te t r aval en t s 

Trivalents 

Platiniods 
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2.2 Experiment Molten Debris 

2.2.1 I R I S  Melt Generator 

The TURC2 and TURC3 molten debris was produced by melting 
about 200 kg of experiment debris material (see Table 2.1) in the 
I R I S  melt generator shown in Figure 2.2. 

The melt generator is housed within the Large Melt Facility 
(LMF) induction furnace. The induction furnace is approximately 
1.5 meters in diameter and 2.1 meters tall. During furnace 
operation the internal atmosphere is continuously purged with 
argon at a normal rate of 1 4 . 1  m3/hr at a furnace pressure of 
0.114 MPa. The melt generator consists of several major com- 
ponents: the structural alumina crucible, tungsten rings, induc- 
tion coil, instrumentation and experiment debris material. 

The alumina crucible was 0.66 m high with an internal depth 
of 0.64 m. The crucible inside and outside diameters were 40 cm 
and 46 cm respectively. 

Five tungsten rings were utilized to heat the experiment 
debris material by coupling to the induction field produced by 
the induction coil. The rings, shown in Figure 2.3, had outside 
diameters of 35.5 cm and inside diameters of 5 cm. Each ring was 
3 mm thick. Five 2.5 cm holes were placed about the ring to 
permit relocation of molten debris during heating and teaming. 
Additionally, five, 7.5 mm holes were located near the outer 
diameter to provide for ring support rods during assembly. 

The induction coil f o r  the nominal 1 kHz, 280 kW power 
supply had two electrical sections with six turns in each sec- 
tion. The coil was 0.56 m in length and 0.53 m in diameter. All 
coil surfaces had a flexible insulating coating applied by the 
manufacturer (Inductotherm Corp.) to minimize arcing between coil 
turns. 

The melt generator instrumentation consisted of Type 'K' 
thermocouples mounted on the outside of the alumina crucible and 
a pyrometer (in conjunction with a thermal well) to monitor the 
bulk temperature of the heated debris. The external crucible 
thermocouples were placed at approximately 10 cm intervals along 
the axial length of the crucible, in each of the four azimuthal 
quadrants. Thermocouples were also placed at various radial 
locations on the base of the crucible. The external thermo- 
couples were used to monitor the outside wall temperature in 
order to assess the integrity of the crucible. 

The debris temperature was measured by means of a pyrometer 
focused down a tungsten tube thermal wall, which was positioned 
along the radial centerline of the assembled melt generator (see 
Figure 2.4). The range of the pyrometer was from 1800 K to 
3300 K. 

-9- 
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Figure 2.3. Tungsten Ring 
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Figure 2.4. Schematic Representation of the Melt Generator 
Crucible Assembly 
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A s  shown schematically in Figure 2 . 4 ,  assembly of the melt 
generator was initiated by installing a 2 . 5  cm thick plate of 
Zr02 insulating board in the base of the alumina crucible. This 
was followed by alternating layers of debris material and 
tungsten plates. The top surface of the debris was then covered 
with additional Zr02 boards. 

The crucible was mounted on a MgO pedestal and the induction 
coil was installed. The spacing between the coil and the cruci- 
ble was filled with dry magnesium oxide powder. 

Melting of the debris material is accomplished by applying 
power to the induction coil which heats the tungsten plates. The 
tungsten plates in turn heats and melts the debris material. 
Typically a power of 100 kW for 2.5 to 3.0 hours is sufficient to 
melt the majority of the 200 Kg charge. 

The teeming of the melt from the crucible is accomplished by 
firing an explosive self-forging projectile into the base of the 
alumina crucible. The explosive is mounted on a support tube 
just below the transfer section between the furnace chamber and 
the interaction chamber (see Figure 2.1). The explosive charge 
is remotely armed and fired. The explosive is approximately 3 . 8  
cm in diameter and 7.5 cm in length. Alignment of the explosive 
is aided by a neon laser placed between two "sights" mounted on 
the explosive. 

The explosive projectile impacts the alumina crucible form- 
ing a uniform 7.0-cm diameter hole. The melt then teems out 
under its own head and the 0.02 MPa overpressure of the furnace. 
Teeming is complete in approximately 3 seconds. 

2.2.2 Experiment Debris Material 

The composition of the debris material utilized in the TURC2 
and 3 experiments is listed in Table 2.1. The principle differ- 
ence between the two compositions is the inclusion of 9 w/o Zr 
metal in the TURC3 material. The debris material in both experi- 
ments contain various additional chemical species to aid in 
assessing the transport of fission products during melt-concrete 
interactions. The chemical species, listed in Table 2.2, 
commonly referred to as fission product mocks, were used to 
obtain data on aerosol release fractions for both volatile and 
refractory species during debris-concrete interactions. The 
fission product mocks which were used in the experiments are 
listed in Table 2.2. 

The melting temperature of the debris material was deter- 
mined by the cone slumping method. The TURC2 debris melted at 
2660 K * 10 K. The melting point of the TURC3 debris was 2573 K 
* 25 K. 

-12- 



The U02 laden debris was fabricated by thoroughly mixing, 
proper proportions, fine powders (1-10 pm) of the major debris 
constituents of U02, Zr02, and Zr. Once a uniform mixture was 
obtained, the mixed powder was isostatically pressed to form a 
large cylinder 20 cm in diameter by 10 to 15 cm in height. Due 
to furnace thermal and operational considerations, the cylinders 
were mechanically fractured into course gravel 0.5 to 2.0 cm in 
diameter. 

in 

2.3 Experiment Interaction Crucible 

2.3.1 Interaction Crucible Description and Fabrication 

The crucibles used in the TURC series of tests were of a new 
design and purpose. A crucible, shown schematically in Figure 
2.5, consisted of an instrumented concrete slug 41 cm in diameter 
and 30 cm in height, cast at the base of a MgO annulus, 70 cm 
outside diameter and 1.2 meters in height. 

The purpose of the crucible design is to force only axial or 
one-dimensional ablation of the concrete slug. By eliminating a 
concrete ablative sidewall, reaction products generated at the 
core debris-concrete interaction can be quantified, without the 
influence of reaction products generated at different thermo- 
physical conditions found at the sidewalls. These so-called 1-D 
crucibles were constructed to Sandia specifications by the New 
Mexico Civil Engineering Research Laboratory operated by the 
University of New Mexico. 

The 1-D crucible is fabricated in two major steps: first, 
the construction of the MgO annulus, and second, casting of the 
concrete slug. 

The MgO annulus was constructed using SONOTUBE" forms. The 
forms are right circular cylinders manufactured from paper. The 
MgO annulus, shown in Figure 2 . 6 ,  was fabricated by arranging two 
sonotube forms in a concentric array in which a plywood base was 
installed. This was followed by the installation of thc- 7.5-cm 
diameter exhaust tube and the thermocouple arrays. 

Each of the thermocouple arrays, shown in Figures 2.7 and 
2.8, consisted of a 5-cm-diameter cylinder of the MgO castable 
material, in which four holes were drilled at 1-cm intervals. K- 
type, 1.5 mm diameter, thermocouples were installed in this fix- 
ture. The fixture was then installed at predetermined locations 
(see Table 2.7) within the annulus form. In the region where the 
concrete slug would be cast, a wire wrap, 1.5-mm diameter, with a 
2-cm pitch, was installed in order to improve the bonding between 
the concrete slug and the MgO annulus. 

*SONOTUBE forms trademark of the SONOCO Products. 
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Figure 2.8. MgO Annulus Thermocouple Arrays Installed 
in Form 
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Once the form was prepared, the MgO castable, described in 
reference 9 ,  was mixed in a clean paddle-type mixer. Once a 
homogeneous mixture was obtained, the material was hand-loaded 
into the forms. A high-speed vibrator was utilized to densify 
the mass. The procedure was repeated until the form was full. 

After casting, the annulus was cured at ambient air 
temperature for three days. Further curing was accomplished by 
placing a heating element within the central cavity and 
maintaining a temperature of 473 K for 24 hours, followed by a 
cooling period of 24 hours. 

Once the annulus was cooled to room temperature, the inner 
SONOTUBE form and wire wrap were removed, and a plywood platform 
was constructed 30 cm from the base of the MgO annulus (this is 
the same region where the wire wrap was installed). Carefully 
prepared thermocouple arrays, shown in Figure 2.9, held rigidly 
in place by a framework of 0.5 mm stainless steel wires, were 
installed on the platform and structural support was provided 
from outside the annulus. Location of these thermocouples are 
shown in Tables 2.7, 2.8, and 2.9. 

The casting of the limestone/common sand concrete (LCS) was 
performed by mixing the concrete constituents listed in Table 2.3 
in a paddle mixer. Once a homogeneous mixture was achieved, 
three test cylinders were cast and slump measurements made. 
Details of the measurements and other physical data will be dis- 
cussed in the next sections. Approximately 0.021 m3 of concrete 
was required per crucible. The concrete was allowed to cure f o r  
a minimum of 60 days before use. Curing was performed at ambient 
conditions. No special environmental chamber was utilized. 

Inspection of the TURC2 crucible revealed that the concrete 
surface was not perpendicular to the MgO annulus sidewall. 
Apparently during casting of the concrete slug the plywood 
platform partially collapsed. To meet a critical deadline, a 
perpendicular concrete surface was re-established by grinding the 
concrete slug. Monitoring of the embedded thermocouples during 
the grinding operation indicated a maximum temperature rise of 
-10 K above the ambient temperature. Several thermocouples were 
destroyed during this procedure. Additionally the relative 
locations of the thermocouples to the interior surface was, of 
course, altered. This is reflected in the listed thermocouple 
positions in Table 2.8. 

2.3.2 Crucible Materials 

The two major components of the 1-D crucible were limestone/ 
common sand concrete and Kaiser K/R-CAST98* castable MgO refrac- 
tory. In this section details of the physical and thermal prop- 
erties of the concrete will be presented. A similar discussion 

"Product of the Kaiser Refractory Corp 
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3. EXPERIMENTAL RESULTS 

3 . 1  Experimental Procedure 

3.1.1 TURC2 

The first U02 laden TURC series experiment was TURC2. The 
experiment was initiated by preparing the molten debris in the 
Large Melt Facility furnace. The melt generator utilized the 
IRIS technique described in Section 2.2.1. The heating period 
for TURC2 was approximately 172 min. The maximum temperature 
recorded by the pyrometer was 2780 K at 140 mins into the heat- 
up. This temperature was maintained for -6 mins possibly 
indicating a phase change, after which the pyrometer output 
dropped sharply. The lost of output was due to a loss of 
alignment between the pyrometer and the tungsten sight tube. 
Apparently the sight tube shifted as a result of movement of 
molten debris or internal structures (;.e., tungsten ring). 
Heating was maintained for an additional 21 mins at which time 
the external thermocouples indicated possible melting of the 
alumina crucible. At this time the melt was teemed into the 
interaction crucible by firing the explosive charge through the 
bottom of the alumina crucible. 

The teem was completed in approximately 10 sec after which 
the sliding portcullis was closed. External observations showed 
an aerosol cloud escaping from a mating coupling between the LMF 
and the interaction chamber during the teem. No further aerosol 
release was observed at the mating coupling or the filter exhaust 
port after closing the portcullis. (See Figure 2.1.) 

The experiment data acquisition was terminated 30 mins after 
teeming of the melt, when it was apparent that the debris-con- 
Crete interactions had abated. 

In Section 3.2.1 Posttest Observations, the thermal response 
of the crucible, gas and aerosol data will be discussed. 

3.1.2 TURC3 

The TURC3 experiment was initiated in the same manner as 
TURC2 by the production of the molten debris. The heating period 
for this experiment was approximately 136 mins, with a maximum 
temperature of 2473 K indicated by the pyrometer. Once again 
movement within the crucible shifted the tungsten sight tube 
making debris temperature measurements impossible. At 136 min 
the external thermocouples indicated failure of the crucible. At 
this time the explosive charge was fired, initiating melt teem. 
Furnace operational diagnostics showed abnormal pressures and 
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Note that the sample flow could be eliminated by a high enough 
dilution gas flow. 

The dilution gas is heated to the impactor heater tempera- 
ture of about 1 0 0 ° C .  Its flow is regulated by a critical orifice 
and remote control valve. The upstream gas pressure controls the 
dilution gas flow and is set by a pressure regulator. Tempera- 
ture and pressure upstream of the critical orifice are monitored 
to give the dilution gas flow rate which was approximately 9 
standard liters/min. The diluted sample flow rate is known from 
the impactor sample flow. 

2.4.4 Data Acquisition System 

The data acquisition system for the experiment facility is 
shown schematically in Figure 2.19. One hundred twenty-eight 
channels of data may be acquired during an experiment. For the 
TURC experiments, 122 channels were used: 96 channels for type K 
thermocouples (chromel-alumel), 16 channels for type C thermo- 
couples (tungsten-tungsten rhenium) and 10 channels for volta,ges 
up to 10 volts for other types of sensors. 

Data are taken in a sample and hold mode in which four 
channels are measured in a 50 microsecond window. All 122 
channels are thus acquired in 1.6 milliseconds. An analog-to- 
digital converter sequentially converts each channel and sends 
the data to the computer. At the computer, the data have cali- 
bration, correct,ion, and conversion factors applied and are then 
stored on magnetic tape. In addition, the data may be printed or 
plotted. The data sampling rate is set by the computer. The 
fastest mode is one scan of all channels every second. The 
thermocouples are connected to the acquisition system through a 
reference junction which is set to 65.5"C. 
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Table 2.10 

Aerosol Instrumentation for TURC2 and TuRC3 

TURC2 TURC3 

~~ ~~ 

Anderson MkIII Cascade Impactors 8 

Sierra Cascade Cyclone 1 

Gelman High Pressure Filter Holders 10 

Millipore Filter Holders 2 

Dynatron Opacity Meter Model 301 1 
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concrete interaction. Millipore aerosol filter holders were used 
for this measurement. 

The Millipore Aerosol Standard Filter Holder is 6.9 cm diam- 
eter and 17.8 cm long. (Millipore catalog number XX50-04700) It 
is designed for vacuum applications. The body and flow channel 
are made of stainless steel and the locking ring is of aluminum. 
It uses 47-mm diameter Durapore membrane filtration media from 
Millipore (catalog designation HVLP-047). The effective filtra- 
tion area is 9.6 cm2. The filter holder was used in an in-line 
configuration with the sample drawn through a 0.635-cm diameter 
inlet. Flow was controlled by a critical orifice at the outlet 
of the filter holder. Two such filter assemblies were used on 
each test. Samples were taken simultaneously. Figure 2.14 is a 
schematic of the interaction chamber filter sampling train. 
These filters were not heated. 

The aerosol instrumentation for TURC2 is listed in Table 
2.11. These devices were all connected to a vacuum pump through 
a system of remotely controlled valves as described in reference 
9.  Schematics and descriptions of the sampling trains are also 
contained in reference 9.  

Figure 2.15 is a schematic of the TURC2 test showing the 
location of the sampling trains and opacity meter. The aerosol 
samples were drawn from the top of the gravel bed filter at the 
point where the exhaust line from the interaction crucible 
entered the upper plenum region of the gravel bed filter. 

Aerosol Instrumentation on TURC 3 

The aerosol instrumentation on the TURC3 test consisted of 
filter samples, cascade impactors, and an opacity meter and are 
listed in Table 2.10. No cyclone was used on TURC3 and 9 Gelman 
filter holders were used instead of 10. The sampling trains and 
locations are nearly identical to those in TURC2. Figure 2.16 is 
a schematic of the TURC3 test showing the location of the sampl- 
ing trains and opacity meter. A modification to the cascade 
impactor sampling train was made by the addition of upstream 
aerosol dilution. This is described below. 

A schematic of the dilution system is shown in Figure 2.17. 
The diluter itself (Figure 2.18) consists of a 1.905-cm diameter, 
0.159-cm wall sintered stainless-steel tube 1 1 . 4  cm long. The 
tube is encased by an aluminum body leaving an annular region 
around the sintered tube. The sample is drawn through the porous 
tube and dilution gas is injected into the annular region flowing 
through the walls into the tube. The total amount of gas drawn, 
QT,  is known, as is the dilution gas flow, QD.  This allows the 
calculation of the aerosol sample f l o w ,  Qs, and the dilution 
rate, D. 
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The gas sampling system is shown in Figure 2.13. It con- 
sisted of a 2-m long sampling line which fed a remotely con- 
trolled valve network. A total of 30, 150-cm3 gas samples can be 
taken with this equipment. The dead volume within the sample 
line and valve network was estimated at 50-cm3, or one-third the 
sample volume. The sampling rate varied from 5 to 10 seconds 
between samples early in the experiment to 15 to 30 seconds 
between samples near the end of the experiment. Since the rate 
of sampling was almost continuous, the gases sampled were con- 
sidered a reasonably close representation of the evolved gases. 

The gas samples collected were analyzed with an H.P. 5836 
Gas Chromatograph. Samples were injected directly from grab 
sample bottles into a Porapak Q, 80/100 mesh column which was 
time-temperature programmed from 223 K to 473 K (- 50°C to 
200°C). 

Detection was accomplished by using a thermal conductivity 
detector that was tuned to the primary standard gas mixture made 
up of the following constituents: H2, N2, Ar, CO, CH4, C02, 
C2H4, C2H6, and 02. The above gas species were used to calibrate 
the gas chromatograph. Only peaks that were assignable to the 
calibration standard were detected. 

The sample introduction loop into the gas chromatograph was 
preceded by an activated charcoal trap that served the purpose of 
trapping condensibles such as water. This was a necessary step, 
since previous experiments5 indicated H20 was generated in excess 
of 5% of the total pressure. Also, this procedure served the 
purpose of preventing saturation or loading of the gas separation 
columns which would have made quantitative analysis of the gas 
composition more difficult. 

2.4.3 Aerosol Measurements 

Aerosol Instrumentation of TURC2 

The aerosol instrumentation on the TURC2 test consisted of 
filter samples for bulk aerosol concentration determination, 
cascade impactors and cascade cyclones for aerosol size distribu- 
tion measurement, and an opacity meter to monitor aerosol mass 
loading in the exhaust pipe. The filters, impactors, and 
cyclones were plumbed into the sampling train and the flows 
through the devices were regulated by critical orifices and 
remotely controlled valves. Descriptions of these devices are 
given in reference 9 and will not be repeated here. 

A measurement taken during the TURC2 and TURC3 tests which 
was not taken during the TURCl series of tests was an aerosol 
filter sample from inside the interaction chamber. This sample 
was taken just after portcullis closure to determir,e the concen- 
tration in the chamber after the melt teem and hence estimate the 
aerosol mass source term during the melt teem and initial melt/ 
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Table 2.10 

Location of Thermocouples Within the TURC3 Concrete Slug 
(See Figure 2.12) 

Thermocouple 
No. r 8 Z 

c1 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
c19 
c20 
c21 
c22 
C23 
C24 
C25 
C26 
C27 
C28 
c29 
C30 
C31 
C32 
c33 
c34 
c35 
C36 
c37 
C38 
c39 
C40 
C41 
C42 
c43 
c44 

0 cm 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 

0 deg. 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 cm 
-1.1 
-2.0 
-3.0 
-4.0 
-5.0 
-5.9 
-7.1 
-8.0 
-9.0 
-10.0 
-11.8 
-14.0 
-16.0 
-18.0 

0 
-0.5 
-1.5 
-2.4 
-3.5 
-4.5 
-5.5 
-6.5 
-7.5 
-8.5 
-9.5 
-10.5 
-11.5 

0 
-1 .o 
-2.0 
-3.1 
-4.0 
-5.0 
-6.0 
-7.0 
-7.9 
-9.0 
-10.0 
-11.0 
-12.0 
-14.0 
-16.0 
-18.0 



Table 2.9 

Location of Thermocouples Within the TURC2 Concrete Slug 
(see Figure 2.12) 

Thermocouple 
No. r 9 Z 

c1 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C16 
C17 
C18 
c19 
c20 
c21 
c22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
C31 
C32 
c33 
c34 
c35 
C36 
c37 
C38 
c39 

0 cm 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 

0 deg. 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-0.44 cm 
-1.44 
-2.44 
-3.44 
-4.34 
-5.54 
-6.44 
-7.44 
-8.44 
-10.24 
-12.44 
-14.44 
-16.44 
0.00 
-0.64 
-2.64 
-2.44 
-3.44 
-4.44 
-5.44 
-6.44 
-7.44 
-8.44 
-0.24 
-1.34 
-2.24 
-3.24 
-4.24 
-5.24 
-6.14 
-7.24 
-8.24 
-9.24 
-10.24 
-12.24 
-14.24 
-16.24 
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Table 2 . 8  

Location of Thermocouples within MgO Sidewall 
(see Figure 2.12) TURC3 

Thermocouple 
Designation r e Z 

MG1 

MG2 
MG3 

MG4 

MG5 

MG6 
MG7 

M G 8  

MG9 

M G l O  
M G 1 1  

MG12  

M G 1 3  

MG14 
M G 1 5  

MG16 
MG17 

M G 1 8  

MG19 

MG20 

MG21 
MG22 

MG23 
MG24 
MG25 
MG26 

MG27 
M G 2 8  

0 c m  

1 
2 

3 

0 

1 

2 
3 

0 

1 
2 

3 

0 

1 
2 
3 

0 

1 
2 

3 

0 

1 

2 
3 

0 

1 

2 
3 

0 deg. 

0 
0 
0 
0 

0 

0 

0 

90 

90 

90 

90 

90 

90 
90 

90 

90 
90 

90 

90 

0 

0 

0 
0 

0 

0 

0 

0 

0 cm 
0 
0 

0 

+5.2 

+5.2 
+5.2 

+5.2 

+15.0 

+15.0 

+15.0 

+15.0 
+30.0 

+30.0 

+30.0 
+30.0 
+60.0 

+60.0 

+60.0 
+60.0 

-5.1 

-5.1 
-5.1 
-5.1 

-10.0 

-10.0 

-10.0 
-10.0 
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Table 2.7 

Location of Thermocouples within MgO Sidewall 
(see Figure 2.12) TURC2 

Thermocouple 
Designation r 0 z 

MG1 
MG2 
MG3 
MG4 
MG5 
MG6 
MG7 
MG8 
MG9 
MGlO 
MG11 
MG12 
MG13 
MG14 
MG15 
MG16 
MG17 
MG18 
MG19 
MG20 
MG21 
MG22 
MG23 
MG24 
MG25 
MG26 
MG27 
MG28 

0 cm 
1 
2 
3 
0 
1 
2 

3 
0 
1 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 

0 deg. 
0 
0 
0 
0 
0 

0 
0 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
0 
0 
0 

0 
0 

0 
0 
0 

2 cm 
2 
2 
2 
+7.2 
+7.2 
+7.2 
+7.2 
+17.0 
+17.0 
+17.0 
+17.0 
+32.0 
+32.0 
+32.0 
+32.0 
+62.0 
+62.0 
+62.0 

+62.0 
-3.1 

-3.1 
-3.1 
-3.1 
-8.0 
-8.0 
-8.0 
-8.0 



aPP1 
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t (AE) was added to the concrete mix per ASTM C-494-71 
ifications. Additionally, a curing compound was applied to 
concrete surfaces. The curing compound, BURKE Res-X*, was 
ied at the recommended rate of coverage. It forms a thin 
. that inhibits the evaporation of water from the concrete, 

thus assuring a constant supply of water for hydration of the 
Portland cement. The thin film oxidizes and dissipates after 
exposure to air for 45 to 60 days. 

2 . 4  Experiment Instrumentation 

The instrumentation utilized in the TURC2 and TURC3 experi- 
ments consisted of embedded thermocouples within the interaction 
crucible, grab sampling of evolved gas, and aerosol measurements. 
The following sections will describe the instrumentation as well 
as the data acquisition system. 

2 . 4 . 1  Crucible Instrumentation 

Instrumentation within the crucible consisted of K-type 
thermocouples located within the concrete slug and MgO annulus. 
The thermocouples were utilized to determine concrete erosion 
rates, location of the physical isotherms (such as the concrete 
dehydration front), and for the determination of heat fluxes into 
the concrete and MgO sidewalls. 

Axial temperature profiles within the concrete slug were 
measured at three radial locations ( 0 ,  3 ,  and 18 cm from center- 
line). Overall thermocouple axial separation resulted in a 
spatial resolution of 0.5 cm. Additional thermocouple arrays 
located within the MgO annulus measured radial temperature 
profiles at several axial locations. Tables 2 .7  through Table 
2.10,  and Figure 2.12 summarize the thermocouple locations. 

A heat flux gauge was constructed within the sliding cruci- 
ble portcullis to measure the upward heat flux from the melt pool 
surface. The gauge consisted of a 2 . 5  cm mild steel slug, 1.3 cm 
in height, in which two K-type thermocouple were embedded with an 
axial separation of 5 mm. The front face of the gauge was ex- 
posed to the crucible interior when the portcullis was closed. 
(The back surface was heavily insulated.) The thermocouple data 
was analyzed by the I H C P  code discussed in Section 3 . 2 . 1 . 2  to 
calculate the heat flux due to radiative and convective heat 
transfer from the melt p o o l .  

2 . 4 . 2  Gas Measurements 

The composition of the gases generated during the test were 
determined from grab samples. The gases were sampled at the exit 
port of the interaction crucible. 

*Burke Res-X is a product of Burke Concrete Accessories, Inc. 

-27- 



88 

84 

76 

72 

ATMOSPHERE: HELIUM 
RATE: 10" C/min 

1 
I I 1 I I I I I 1 

0 100 200 300 400 500 600 700 800 900 1000 
1 

TEMPERATURE ("C)  

Figure 2.11. Thermogram (TGA) of Limestone/Common 
Sand Concrete 

-26- 



W 
0 z 
W 

W 
LL 

a 

k 

a 

a a 
n 

O 
W 

I) c 

W 

3 + 

0 I I 
I a 
w -  
I 
I- 

W 

I I I 1 1 I I 

INCONGRUENT 
MELTING s -  - 

- - 

- - 

- - 

- - 

- - 
0 
I -  a w 
I 
I - -  
0 0 CaCO, 
z I 
W 1 I I 

- 
- 

1 1 I I I 
300 450 600 750 900 1050 1200 1350 1500 0 150 

TEMPERATURE (" c )  

Figure 2.10. Differential Thermogram of Limestone/Common 
Sand Concrete 

-25- 



Table 2.6 

Stoichiometry of Thermal Events in the Decomposition of 
Limestone/Common Sand Concrete (Cured 90 Days) 

Thermal 
Events 

Limestone/ 
Common Sand 
Concrete 

Free water (weight %) 

Enthalpy of free water loss* (KJ/kg) 

Bound water (weight %) 

Enthalpy of bound water loss (KJ/kg) 

Carbon dioxide (weight %) 

Enthalpy of carbon dioxide loss (KJ/kg) 

Free Si02 (weight %) 

Enthalpy of Si02 phase change (KJ/kg) 

Melting temperature range (K) 

Enthalpy of melting (KJ/kg) 

2.7 - + 0 . 3  

81.6 + 9 .0  - 

2.0 + 0 . 3  - 

120 + 20 - 

22.0 + 0.7 - 

962 + 50 - 

30 + 2 - 

3.1 + 0.5 - 

1423 to 1673 

500 + 75 - 

*All enthalpic values are reported as KJ/kg virgin concrete 
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Table 2.5 

Chemical Compositions of the Limestone/Common 
Sand Concrete and the Concrete Constituents 

Limestone/ 
Common Sand Expected 

Oxide Cement Concrete Error 
4 0  w/o w/o 

Fe203 

Cr203 

MnO 

Ti02 

K20 

Na2O 

CaO 

MgO 

Si02 

A1203 

co2 

H20 

so2 

4.11 

0.011 

0.08 

0.2 

0.54 

0.27 

63.5 

1.53 

20.1 

4 . 2  

ND 

m 
1 . 0  

1.44 

0.014 

0.03 

0.18 

1.22 

0.82 

31.2 

0 . 4 8  

35.7 

3.6 

22 

4.8 

<0.2 

0.3 

0.01 

0.02 

0.04 

0 .4  

0.2 

1 . o  
0.5 

1.5 

0.2 

1 .o  
0.5 

0.2 
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Table 2.4 

Concrete Casting Data 

Test 
Concrete Cure 

Cold Compressive Strength 
After 
28 Days 
( M W  

TURC2 LCS 61 

TURCS LCS 147 

28.7 

28.4 

-22- 



describing the physical and thermal properties of the castable 
MgO material is presented in reference 9 .  

The concrete used in the TURC series of experiments, 
limestone/common sand, was chosen because of its composition and 
physical characteristics between that of basaltic (siliceous) and 
limestone (calcareous) concretes. 3 

Due to the transient nature of the TURC experiments the 
initial energy in the molten debris is the driving potential 
behind the debris-concrete interaction. It is also apparent that 
one of the largest losses of energy from the molten debris occurs 
during the decomposition and melting of the concrete. Thus, a 
concrete with a low enthalpy of decomposition and melting is 
desirable to achieve a prolonged interaction time for a given 
energy inventory within the melt. 

A comparison of the three principal concrete types found in 
American reactors shows that the basaltic concrete has the lowest 
enthalpy of heating, decomposition and melting (2000 J/g), 
followed by limestone/common sand (2800 J/g), and limestone (4000 
J/g).3 Thus, based on thermal characteristics, basaltic concrete 
would be the most desirable concrete for the TURC experiments. 

Other characteristics of interest in these preliminary 
large-scale molten debris-concrete interaction experiments are 
the physical source terms of combustible gas production (H2 and 
CO) and the transport of fission products from the molten debris. 
In order to provide an experimental environment in which these 
source terms could be observed, a significant source of gas 
release from the decomposing concrete was desirable. 

The two major gases released from decomposing concrete are 
water vapor and carbon dioxide. The water released from all 
three types of concrete is approximately the same, but the carbon 
dioxide release is significantly different. Limestone concrete 
contains the highest C02 content of concretes at 35.7 w/o 
followed by limestone/common sand at 2 2 . 0  w/o, and basaltic con- 
taining only 1.5 w/o. Based on an experimental gas-release 
criteria, limestone concrete is the most desirable. 

Thus, in order to address both experimental thermal and 
physical considerations the limestone common sand (LCS) concrete 
was chosen. A fairly complete description of the chemical, 
physical, and thermal characteristics of limestone/common sand 
concrete was presented by Powers.3 
are presented in Tables 2.5 and 2 . 6  and Figures 2 . 1 0  and 2 . 1 1 .  

Portions of the Powers data 

A summary of the concrete casting data for the two experi- 
ments is shown in Table 2 . 4 .  

The mixing, forming, and casting of the concrete follow 
An air entrainment establish procedures for the industry.l4 
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Table 2.3 

Composition of Limestone/Common Sand Concrete 

Item Proportion 

~ ~~ 

Fraction 

Cement, type I & I1 

Water 

Concrete Sand (common) 

Aggregate, Limestone 
1.9 cm max. 

Limestone Sand 

Air Entrainment 
Agent (AE) 

TOTAL 

42.7 kg 

19.1 

93.2 

85 

42.3 

0.021 

282.3 kg 

0.15 

0.07 

0.33 

0.031 

0.14 

1 .oo 
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Figure 2.9. Concrete Thermocouple Array Details 
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temperatures within the furnace shell. Once the teeming w a s  
completed, the interaction crucible portcullis was closed. As 
with the TURC2 experiment, a relatively benign melt-concrete 
interaction was observed. The experiment duration was similar to 
TURC2. The acquisition of data was terminated 20 mins after the 
me1 t teem. 

The TURC3 experimental results are presented in Section 
3.2.2. 

3.2 Experimental Results 

3.2.1 TURC2 

3.2.1.1 Posttest Observations 

Following a cool-down period of two days, the TURC2 experi- 
ment crucible was removed from the interaction chamber. The 
crucible was covered and stored for several months until the 
completion of the TURC series of experiments. 

An external examination of the TURC2 crucible showed little 
damage from the intense internal experiment environment. Unlike 
the TURCl series crucibles, no external cracks were found. 

The portcullis was removed to gain access to the interior of 
the crucible. Inspection of the interior sidewall revealed a 
crust 1-3 cm thick, extending 35-40 cm above the top surface of 
the melt pool. Above the crusted sidewall, a deposit of fine 
particulate adhering to the MgO was found. 

As shown in Figure 3 . 1 ,  the top surface of the melt pool was 
convoluted and cracked with 2-5 mm diameter depressions or 
dimples uniformly distributed over the surface. 

An X-ray of the lower portion of the crucible is shown in 
Figure 3.2. The X-ray shows a solidified pool approximately 12.5 
cm thick. The solidified pool appears to be in contact with the 
concrete slug. No apparent concrete erosion was observed. Along 
the melt pool-MgO sidewall interface a gap of several millimeters 
is apparent. The upper sidewall crust is clearly visible above 
the melt pool. 

The crucible was sectioned by removing a 120" arc of the M g O  
annulus, exposing the interior sidewall, melt pool, and concrete 
s l u g .  The melt pool was partially removed, as shown in Figure 
3 . 3 ,  to expose the melt-concrete interface and interior structure 
of the melt pool. 

The melt pool was fragmented in numerous large chunks with a 
characteristic length of 3-6 cm. The pool material contained 
numerous voids 2-5 mm in diameter which were uniformly distri- 
buted. The voids were most likely the result of solidification 
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Figure 3.1. Posttest Photograph of Top Surface of 
TURC2 Melt Pool 
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Figure 3 . 2 .  Posttest X-ray of Lower S e c t i o n  of 
TURC2 Cruc ib l e  
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of the melt pool. With the exception of the melt-concrete inter- 
face, the melt pool was uniform in color. 

An examination of the melt pool-concrete interface showed 
what appeared to be concrete constituents diffusing into the melt 
pool over a length of -1 cm. The structure of the pool material 
in direct contact with the concrete appeared to be thin crusts 
(-1-3 mm thick) followed by a gas gap and the bulk of the pool 
material. The crust material was porous and firmly adhered to 
the concrete. The crust structure was also found along the melt 
pool-Mg0 annulus interface within an axial elevation of a few cm 
from the concrete interface. 

The molten pool-Mg0 wall interface was examined. A s  men- 
tioned above, the thin crust structure found at the concrete 
interface was also formed at the wall. The MgO wall material 
showed little thermal degradation. No gross evidence of chemical 
attack of the MgO wall by the melt pool was found. 

The solidified pool material was removed from the crucible. 
The mass of the solidified pool was 103.6 kg and the crust above 
the solidified pool was 40.4  kg. The upper concrete surface was 
white (most probably due to decomposition of CaC03). The con- 
crete surface location indicated very little, if any, ablation 
(less than 5 mm). The degradation of the concrete surface was 
uniform and there was no evidence of pool material diffusion into 
the concrete. 

The TURC2 solidified pool debris was fractured for sample 
preparation and disposal. During this activity several tungsten 
components were found at the bottom surface of the debris pool. 
It is speculated that during the teeming of the melt pool, 
several broken ring support rods were entrained into the molten 
debris. The tungsten rods settled within the molten debris onto 
or near the concrete underface. It is clear from their location 
that the rods were exposed to the decomposing concrete. 

3.2.1.2 TURC2 Concrete and MgO Annulus Thermal Response 

The temperatures indicated by thermocouples imbedded at 
selected depths within the concrete slug are shown in Figures 3.4 
through 3.6. Based on these data, several observations are made. 

The erosion front through concrete has in the past been 
successfully tracked by the failure of thermocouple junctions 
embedded within the concrete slug. Utilizing this technique no 
concrete erosion was observed within the concrete slug. This is 
consistent with the posttest inspection of the concrete slug. 

A review of the shallow embedded thermocouple data indicates 
higher maximum temperatures at the radial centerline than at 
r = 18 cm. This observation indicates the heat flux into the 
concrete was less at the outer radius than toward the center of 
the concrete slug. 
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A review of the temperature traces of thermocouples embedded 
within the concrete shows a distinct thermal arrest at approxi- 
mately 400 K is observed; where the evaporable water vaporizes 
and escapes from the concrete. This transition zone to a dehy- 
drated concrete is referred to as the wet-dry interface. Figure 
3.7 is a plot of the location of the wet-dry interface. A com- 
parison of the locations of the wet-dry interface at various 
radical locations suggests the outer radius region of the con- 
crete was exposed to a lower heat flux than toward the center of 
the slug. This is supported by the magnitude of the temperatures 
discussed above. 

A s  will be apparent in Section 4.0,  the heat flux into the 
MgO annulus is a required measurement in order to perform a 
global energy balance. A direct measurement of the MgO heat flux 
is a difficult task to perform within the experiment environment. 
A s  discussed in Section 2.3, several arrays of thermocouples were 
embedded within the MgO annulus. Calculation of the heat flux 
into the MgO, at several axial elevations, was based upon the 
thermal histories as measured by these thermocouples. 

The calculation of heat flux to the MgO walls is a classic 
example of an "inverse'! heat conduction problem (IHCP) where the 
boundary condition (e.g., heat flux) is determined from known 
interior temperatures. Of the available methods for solving the 
IHCP, the one that appears to be the most successful for the 
widest variety of applications is the nonlinear estimation tech- 
nique proposed by Beck.15 In this method, the calculated heat 
flux is that value which minimizes the square of the differences 
between the calculated and experimental temperatures. A computer 
code, IHCP, has been written based on Beck's methods by 
Bradley.16 The code, IHCP, was tested using a variety of exact 
solution problems and was found to perform well. The accuracy of 
this method is strongly dependent upon the accuracy of the 
thermocouple temperature data. In general, it was found that the 
greater the number of thermocouples utilized in the analysis, the 
greater the accuracy of the solution. However, Bradley found 
that beyond three thermocouples, the improvement in accuracy was 
not sufficient to justify additional thermocouples. The experi- 
mental data recorded, and utilized in IHCP, consisted of at least 
three thermocouples at depths ranging from the surface to 3 cm 
into the MgO sidewall. 

The results of the IHCP heat flux calculation are shown in 
Figures 3.8 and 3.9 for axial locations: 2 and 7 cm above the 
melt-concrete interface. (Figures 3.10 and 3.11 show the thermo- 
couple data for these locations.) Both results show similar 
characteristics of an elevated heat flux followed by a steady 
decrease. Note that the heat flux decreases more rapidly at the 
melt-concrete interfaces than 5 cm above it. This behavior is 
expected because of the two-dimensional heat transfer that occurs 
near the interface. The two-dimensiorial heat transfer causes the 
melt near the interface to cool more rapidly. 
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The upper heat flux from the melt pool surface was measured 
by a heat flux auge discussed in Section 2.4. A s  with the M g O  
sidewall, IHCP1b was employed to calculate the heat flux based on 
embedded thermocouples within a mild steel plug mounted in the 
portcullis. The thermocouple data is shown in Figure 3.12. The 
results of the calculation are shown in Figure 3.13. This heat 
flux is a result of radiative and convective heat transfer within 
the upper plenum of the crucible. Due to the geometry of the 
thermal system, a shape factor correction is necessary to obtain 
the actual melt pool radiative heat flux. Utilizing the shape 
factor for parallel circular disks by Siege1 and Howell,I7 a 
correction factor of 100 is required for the radiative component. 
Since the radiative component dominates the upper heat flux it is 
suggested that the correction factor be applied to the data in 
Figure 3.10 in order to obtain the surface heat flux. 

3 . 2 . 1 . 3  TURC2 Gas Composition 

As described in Section 2.4.2, discrete grab gas samples of 
evolving gases were taken throughout the test. The gas samples 
were analyzed for H2, N2, 02, Ar, CO, CO2, and CH4. The composi- 
tion of the gases sampled are listed in Table 3.1. The reported 
time of each sample is referenced to initial contact of melt with 
concrete. After the teem was complete, the sliding portcullis 
was closed (time -10 sec). Reaction products from the melt- 
concrete interaction were then vented out the crucible exit port, 
past the gas sample port (see Figure 2.1). 

Gas samples 1-3 were taken prior to closure of the port- 
cullis. These samples were of the interaction chamber gases 
which consisted of air and Ar. (The A r  gas was injected into the 
interaction chamber when the lower furnace valve was opened to 
permit the teeming of the melt.) 

Past melt-concrete experiments2,3,4j5, utilized grab samples 
similar to those used in these experiments and have shown the 
determined compositions to be consistent with equilibrium gas 
mixtures at temperatures ranging from 1000-1100 K. At the loca- 
tion of the gas sampling the gas temperature was -500 K, as shown 
in Figure 3.14. Thus the gases had been quenched within the MgO 
crucible. Thermodynamic calculations would be required to assess 
the composition at the sample temperatures. Unfortunately, mea- 
surements of water vapor content within the sampled gas were 
unsuccessful; therefore, quantitative equilibrium calculations 
are not possible. 

It is apparent from the gas composition that water vapor and 
CO2 released from the decomposing concrete were reduced to com- 
bustible H2 and CO. Shown in Figure 3 . 1 5  is the molar ratio of 
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Table 3.1 

TuRC2 Gas Sample Compositions 

Volume Fraction of Individual Gas Species (%) 

Time 

-60. 
6. 
10. 
15. 
20. 
25. 
30. 
35. 
40. 
45. 
50. 
55. 
58. 
60. 
70. 
90. 
120. 
150. 
180. 
210. 
240. 
270. 
300. 
390. 
450. 

0.0000 
0.0000 
0.0000 
0.2340 
0.4315 
0.4497 
0.4610 
0.4165 
0.3980 
0.3980 
0.3395 
0.3097 
0.2918 
0.2790 
0.2610 
0.2230 
0.2190 
0.1875 
0.1879 
0.1697 
0.1697 
0.1660 
0.0860 
0.0830 
0.0000 

0.7730 
0.7384 
0.7340 
0.4186 
0.0920 
0.1139 
0.1050 
0.1110 
0.0890 
0.0820 
0.0680 
0.0585 
0.0898 
0.0918 
0.0970 
0.0973 
0.0610 
0.1134 
0.0220 
0.0650 
0.0505 
0.0450 
0.0680 
0.3680 
0.8770 

0.2040 
0.1970 
0.1960 
0.0393 
0.0077 
0.0078 
0.0083 
0.0085 
0.0073 
0.0061 
0.0054 
0.0046 
0.0069 
0.0073 
0.0080 
0.0077 
0.0056 
0.0094 
0.0000 
0.0110 
0.0079 
0.0051 
0.0069 
0.0230 
0.0830 

0.0227 
0.0646 
0.0210 
0.0946 
0.0000 
0.0508 
0.0000 
0.1370 
0.2020 
0.2590 
0.3420 
0.3914 
0.4136 
0.4310 
0.4520 
0.5070 
0.5750 
0.5420 
0.6910 
0.6200 
0.6395 
0.6450 
0.7170 
0.4400 
0.0355 

0.0000 
0.0000 
0.0276 
0.1667 
0.3376 
0.2608 
0.3020 
0.2200 
0.1970 
0.1570 
0.1448 
0.1380 
0.1120 
0.1090 
0.1010 
0.0880 
0.0650 
0.0720 
0.0550 
0.0530 
0.0498 
0.0560 
0.0400 
0.0300 
0.0000 

0.0000 
0.0000 
0.0290 
0.0465 
0.1311 
0.1169 
0.1240 
0.1070 
0.1060 
0.0976 
0.1000 
0.0970 
0.0857 
0.0820 
0.0810 
0.0770 
0.0740 
0.0750 
0.0439 
0.0800 
0.0826 
0.0837 
0.0810 
0.0560 
0.0000 
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CO to C02 at various times during the experiment. It is clear 
from this data that for very early times considerable reduction 
of CO2 to CO took place. However, within the first minute of the 
experiment, there was a rapid decrease in the reduction of CO2. 

Reduction of C02 to CO is a function of the chemical and 
physical environment of the gases. Assuming no other environmen- 
tal changes, the temperature of the chemical system is a prin- 
cipal 

factor in the reduction of C02. In light of the rapid decrease 
in the CO/COz ratio, one might assume the melt pool temperature 
responsible, if the gases released from the concrete were to pass 
through the melt pool. The above argument would, therefore, 
require a rapid decrease in the melt pool temperature. As will 
be presented in Section 4.1, other physical evidence and analyses 
suggest this not to be the case. Thus, other alternatives are 
for the gases to bypass the melt pool, most likely along the MgO 
sidewall or through frozen channels within the pool. The 
posttest X-rays, disassembly of the melt pool and the MgO 
sidewall heat flux data seem to support these possibilities. 

Gas flowrates were inferred from the gas composition data by 
examining the mass fraction of the argon constituent. A s  dis- 
cussed in Section 2.4.2, argon gas was injected into the interac- 
tion crucible. The argon flowrate was continuously monitored 
throughout the experiment. By examining the mass fraction of 
argon present in the individual gas samples (coupled with the 
measured argon flowrate) the total mass flowrate within the 
experiment was calculated. The injection of argon gas was de- 
layed until after approximately 30 seconds from the initiation of 
the melt teem, therefore the calculated flowrates are only avail- 
able from 35 to 300 sec. 

Shown in Figure 3.16 are the flowrates as determined from 
the gas composition and argon injection. As would be expected 
for the benign transient melt-concrete observed, the flowrate is 
relatively low. In fact, most of the total flow is from the Ar 
injection f lowrate. 

Using the same technique described above, the gaseous carbon 
mass flowrate was calculated. The carbon mass flowrate is the 
total carbon from C02 and CO released during the melt-concrete 
interaction. These data are useful when compared to analytical 
models of C02 released from concrete during melt-concrete inter- 
action. The data is shown in Figure 3.17. Further discussion of 
this point is presented in Section 4.1. 

3.2.1.4 Aerosol Data for TURC2 

Upon retrieval and disassembly of the aerosol sampling 
instruments from the TURC2 test, the following observations were 
made. 
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(1) The view windows of the opacity monitor were found to be 
coated with dark grey aerosols of sufficient amount to 
block the light. No useful data were obtained from the 
output of this instrument. 

( 2 )  The impactor samples exhibited overloading of the stages 
collecting at about 1 pm aerodynamic equivalent diameter 
(stages 5, 6, and 7) in some (1, 2 ,  3 ,  4 ,  5 ,  and 6) of 
the samples. 

( 3 )  The aerosol collected by the impactors and the filters 
was dark, almost black in appearance. 

Filter Data: The filter samples gave the aerosol concentra- 
tions at the point where the exhaust line entered the top of the 
gravel bed filter and in the interaction chamber at selected 
times. The aerosol concentration and sample times are given in 
Table 3 . 2 .  The zero time is taken as the time of portcullis 
closure, 10 seconds after the start of the teem. The concentra- 
tions and sample flow rates are given at STP. The aerosol 
samples taken from the exhaust line were preceded by a presepara- 
tor which effectively removed particles larger than about 10 pm 
aerodynamic equivalent diameter. 

Opacity Monitor: The reading went to 100% opacity and re- 
mained there during and after the test. The windows were coated 
with dark grey aerosol. It was later determined that the purge 
gas flow designed to keep the windows clean had not been estab- 
lished early enough to be effective. 

Impactor Samples: Impactor samples were taken from the top 
of the gravel bed filter where the exhaust line entered. A l -  
though they were overloaded they provided aerosol size distribu- 
tion information. Overloading of a stage occurs when more than 
15 mg of material is collected on that stage or when the deposits 
on a stage appear heavy enough to influence impaction. Overload- 
ing did not begin to occur until the size of particles being 
collected dropped below 1 pm aerodynamic equivalent diameter, 
i.e., stages 5, 6, and 7. This indicates that the aerosol had a 
mass mean aerodynamic diameter on the order of 1 pm. 

Impactors 7 and 8 were run from 5 to 6 minutes after port- 
cullis closure. No gas flow data was taken after 300 seconds and 
the pool flows are not known. At low pool flow rates, the argon 
purge might only carry off residual aerosols from the crucible 
cavity region. Data from these samples may be characteristic of 
the residual aerosol from late in the test and not representative 
of an active aerosol source. 

Impactor 1 was not severely overloaded and.yielded the size 
distribution shown in Figure 3 . 1 8 .  This distribution appears 
unimodal with the mass mean aerodynamic diameter located between 
1 and 2 pm and a geometric standard deviation of about 2.0. This 
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Table 3.2 

Aerosol Filter Data for  TURC2 

Sample Collected Sample Aerosol Concentration 
Time* Mass Flow Rate at STP 

Sample sec mg (SLPM) (g/m3) 

Exhaust Line 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

0-lo**+ 
10-20 
20-40+ 
40-60+ 
60-120**+ 
120-180 
180-240 
300-360 
420-480 
540-600 

41.4 
42.2 
43.8 
52.7 
84.1 
36.3 
11.1 
3.3 
2.5 
2.2 

Interaction Chamber (2 locations) 

0-20 
0-20 

11.05 
6.15 

*Time after portcullis closure 
**Analyzed by XRF 
+Analyzed by PIXE 
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4.0 
4.4 
5.1 
4.3 
4.0 
3.9 
3.8 
3.6 
4.4 
4.0 

2.0 
2.0 

62.1 
57.5 
25.8 
36.8 
21 .o 
9.3 
2.9 
0.9 
0.57 
0.55 

16.6 

9.2 
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Figure 3.18. Measured Aerosol Size Distribution from 
TURC2 Impactor 
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sample was taken from 0 to 10 seconds after portcullis closure. 
The sections of the distribution corresponding to stages 3 ,  6, 
and 8 in the impactor are indicated. Figure 3.19 contains 
electronmicrographs of the aerosol collected on these impactor 
stages. 

Table 3 . 3  contains the gross impactor data for the impactors 
run on the TURC2 tests. Sample time, mass collected, flowrate, 
and aerosol concentration are given also. 

Cyclone Sample: No analysis has been performed on the 
cyclone sample. Such analysis will not yield detailed distribu- 
tion information because the sample was taken over the duration 
of the test. This effectively integrates the distribution over 
time with an unknown weighting function. The purpose of this 
sample was to collect bulk aerosol material for chemical 
analysis. This analysis has not been performed to date. 

Chemical Analysis: A s  discussed in Section 2.0 nonradioac- 
tive dopants representing fission products were placed in the 
melt generator and the interaction crucible. Table 2.2 lists the 
dopants and their location. 

X-ray Fluorescence (XRF) elemental analysis has been per- 
formed for two selected filter samples from TURC2 (sample A; 0 to 
10 sec and sample E; 60 to 120 sec: see Table 3.2). Table 3.4 
contains the results of this analysis for the elements analyzed. 
A number of elements were analyzed qualitatively, while quantita- 
tive analysis was performed for Mo, Te, and U. Detectability 
limits influence and may hinder detection so that failure to 
detect a given element does not exclude its presence. 

Proton induced X-ray-emission (PIXE) has also been performed 
on selected aerosol filter samples from TURC2. They are A (0-10 
seconds), C (20-40 seconds), D (40-60 seconds), and E (60-120 
seconds). The results from the PIXE analysis, although qualita- 
tive, concur with the XRF results. Tungsten, an element not 
analyzed for in XRF, was seen to form a major component of the 
aerosol sampled from the TURC2 test. Tungsten rods from the ring 
support structure were found in the melt at the melt/concrete 
interface. The oxidizing gases could have reacted with the tung- 
sten causing the tungsten release. 

3.2.1.5 TURC2 Posttest Melt Pool Composition and Melting Point 

Several samples of the melt pool debris were removed for 
elemental composition analyses by X-ray fluorescence (XRF). The 
XRF analysis was qualitative in nature and was performed to 
examine gross compositional changes in the melt pool debris. 
Table 3.5 is a summary of the XRF analysis for TURC2 debris. 
Analysis of pretest TURC3 material was included to provide a 
comparison with original bulk debris material. Note the TURC2 
and TURC3 debris were identical materials with the exception of 
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Table 3.3 

Aerosol Impactor Data for TURC2 

Sample Collected Sample Combined Aerosol 
Time* Impactor Mass Flow Rate Concentration 
Isec) - mg (SLPM) ( g / m 3 >  

0-10 1 50 7.7 

0-10 2 113 11.1 

20-40 3 57 9.5 

20-40 4 70 13.5 

60-120 5 191 10.6 

60-120 6 173 7.6 

300-600 7 

300-600 8 

5.0 8.1 

7.9 12.3 

*Time after portcullis closure 
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Element 

Si 
Fe 
Mo 

cs 

C e  

Ca 
Ni 
Te  
Ba 
Mn 

Zr 
I 
La 
U 

Levels: 

Table 3.4 

XRF Analysis of TURC2 Aerosol Filter Samples 

Qualitative Analysis 
Sample 

Filter Filter 
A E 

(0 to 10 s) (60 to 120s) 

T 
T 
T 
T 
T T 
T T 
S S 

M M 

- 

S 

- 

S 

M = Major Constituent 
S = Minor Constituent 
T = Trace 
- = Uncertain 
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Quantitative Analysis 
Sample 

F i l t e r  Filter 
A E 

(0 to 10 s) (60 to 120 s) 

1.69 w/o 6.53 w / o  

8.06 w / o  7.26 w / o  

2.5  w/o 4.93 w/o 



Table 3.5 

TURC2 X-Ray Fluorescence Qualitative Composition Analysis 

Pretest* 
Element Mater i a1 

U 
Ti 
Mn 

Fe 

Zr 

I 
Cs 

A1 
Si 
Ca 
Ba 
K 
Mo 

W 

NOTE : 

M 
- 

M: Major Component 
S: Small Component 
T: Trace Component 
- :  Not Detected 

Posttest TURC2 

Melt-Concrete Side Wall 
Interface Melt Interior 

M M 

- 

S 
M 

S 
M 

- 

S 

S 

- 

S 

*U02/Zr02/Zr material, no fission product mocks 
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the added Zr metal (9 w/o) in TURCS. Note also that no fission 
product mock materials were added to the pretest material that 
was analyzed by XRF. 

As shown by the qualitative XRF analysis, the posttest 
debris contains small quantities of Fe, Si, and Ca. These ele- 
ments were most likely introduced by the decomposition of 
concrete. The mechanism of entrainment of these species within 
the melt debris has not been established. 

Summarized in Table 3.6 are the pretest and posttest melting 
temperatures of the melt pool debris. The melting temperatures 
were determined by the cone slump method and represent bulk 
values. 

A comparison of the data shows a significant drop in the 
melting temperature of the posttest debris. This is most prob- 
ably due to the presence of Si02, CaO, and FeO within the debris. 

Although a phase diagram for this com lex system does not 
exist, Lang et a1.18 and Alberman, et al.16 report significant 
reduction in the melting point of UO2-SiO2 and U02-CaO binary 
mixtures for even small quantities of Si02 and CaO. 

3.2.2 TURC3 

As discussed in Section 3.1.2, during the melting phase of 
the TuRC3 experiment the external thermocouples indicated a 
breach of the melt crucible within the LMF furnace. Posttest 
examination of the LMF furnace cavity confirm furnace diag- 
nostics. A large hole ("8 cm in diameter) located on the side 
wall of the crucible enabled approximately 120 Kg of U02 laden 
melt to pour onto internal furnace structures. The crucible 
failure appeared to be caused by a tungsten ring which shifted 
from its original position and melted through the crucible side- 
wall. It was also apparent that the flowing molten debris 
enlarged the original breach. Damage to the LMF furnace was 
minimal due to several design features within the furnace (;.e., 
water cooled copper core catches on the furnace bottom plate). 
The remainder of the melt was either teemed into the interaction 
crucible or remained within the melt generator crucible as slag. 

3.2.2.1 Posttest Observations 

The day after the completion of the TURC3 experiment, the 
crucible was removed from the interaction chamber for posttest 
analysis. 

X-rays of the lower section of the crucible were taken. A 
representative X-ray of the crucible is shown in Figure 3.20. 
The X-ray shows a melt pool approximately 7 . 8  cm thick. The melt 
pool appears to be in contact with the concrete base. A gap 
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Table 3.6 

TURC2 Melt Pool Melting Point 

Material Description Melting Point+ 

TURC2 Original Material* 2657 10 K 

TURC2 Melt Pool Center 2396 f 10 K 

TURC2 Melt-Concrete Interface 2355 10 K 

TURC2 Sidewall Melt Pool Interior 2275 * 10 K 

*U02 (70 w / o ) ,  Zr02 (30 w / o ) ,  no fission product mocks 

+Note: Errors indicate temperature measurement errors only, 
not melt point uncertainty. 



Figure 3.20. TURC3 Posttest X-Ray 

-78- 



along the MgO sidewall is apparent. No evidence of degradation 
of the MgO sidewall was observed from the X-ray. 

The external crucible instrumentation and portcullis were 
removed to gain access to the interior of the crucible. The melt 
top surface, 
Depositions of 1 to 3 mm spheres or droplets were uniformly 
distributed over the pool surface. The crucible interior side- 
wall was uniformly covered with a deposit of a fine particulate. 
Additionally, irregular shaped particles N 0.5 to 2 mm were found 
adhered to the wall. 

shown in Figure 3.21 was convoluted and cracked. 

Following the preliminary inspection, the crucible was sec- 
tioned along its vertical length. A 120" section was removed, 
revealing the interior crucible cavity, melt pool, and concrete 
slug. 

Shown in Figure 3.22 is a close-up photograph of the melt 
pool outer diameter (vertical) surface and the melt-concrete 
interface. The melt pool is porous, with numerous channels run- 
ning from the melt-concrete interface to the top surface. Also 
apparent are small (<1 mm) diameter metallic appearing spheres 
uniformly dispersed throughout the surface. 

Due to the relatively small mass of the melt pool (46.45 Kg) 
the melt pool was removed nearly intact. As shown in Figure 
3.23, the bottom of the melt pool consisted of a area from the 
center to approximately 15 cm out on the radius which apparently 
was in contact with the concrete. This region was white in 
color, relatively flat, with a rough granular texture. The 
remaining portion of the melt pool surface (15 to 20 cm on the 
radius) was significantly different, in that a thick deposit of a 
green colored powder material was found. X-ray fluorescence 
(XRF) analysis of this material showed major quantities of Cs and 
I, a small quantity of Mn and a trace amount of U. The XRF 
analysis was qualitative and indicated only elemental composi- 
tion. It is important to note that fission product mocks of Cs, 
I and Mn were uniformly placed on the concrete surface prior to 
melt teeming. 

Samples of the molten pool material from several representa- 
tive locations were removed for analysis. The melt temperature 
and XRF elemental analysis of the debris material are summarized 
in Section 3.2.2.5. 

As shown in Figure 3.23, the melt pool was sectioned reveal- 
ing the internal structure. The pool was not as dense a struc- 
ture as was the TURC2 pool. Numerous voids were uniformly 
dispersed throughout the vertical axis of the melt. The voids 
diameters ranged from a millimeter to a centimeter in diameter. 
The portion of the melt pool in contact with the concrete con- 
tained mostly the smaller diameter voids ("1 mm) and was repre- 
sentative of a foam-like material in some locations. 
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F i g u r e  3.21. TURC3 M e l t  Pool Top Surface 
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Figure 3 . 2 2 .  TURC3 Concrete Slug  and Melt Pool 
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Unlike the TURC2, no tungsten components were found within 
the debris pool. A s  with the TURC2 experiment, little or no 
attack of the MgO sidewall by the melt pool was found. 

3.2.2.2 TURC3 Concrete Erosion and Crucible Thermal Response 

The temperature history measured by thermocouple embedded at 
various depths within the concrete slug is shown in Figures 3.24 
through 3.26. A s  with TURC2, the thermocouple data indicate no 
significant concrete ablation occurred. This is supported by 
posttest observations of the concrete slug. 

A review of the peak temperature data within the first 
centimeter of concrete, at various radial locations shows the 
r = 18 cm region to be considerable lower in temperature than the 
radial centerline region. This observation indicates that the 
heat flux into the concrete was considerably less on the outer 
radius of the slug. This is consistent with the posttest obser- 
vation of the green colored powder material described in Section 
3.2.2.1, which caused a thermal resistance to the high tempera- 
tures of the melt pool. 

A s  with the TURC2 thermocouple data, a distinct thermal 
arrest at -400 K can be observed in the TURC concrete temperature 
data. A s  discussed in Section 3.2.1.2, this is referred to as 
the wet-dry interface. 

In Figure 3.27, the location of the wet-dry interface is 
shown for the three radial locations. Once again, a comparison 
of the wet-dry interface position as a function of radial loca- 
tion suggests a lower heat flux into the concrete at r = 18 cm. 

A s  outlined in Section 3.2.1.2 the calculation of the heat 
flux into the MgO wall, based on measured thermocouple response, 
was performed using the IHCP code. Results for axial locations 
0 cm and 5.2 cm above the concrete interface are shown in Figures 
3.28 and 3.29. At all locations, a similar characteristic of an 
elevated heat flux followed by a steady decrease was observed. 
However, the peak heat flux at z = 5.2 cm is lower than the z = 0 
cm locations. The reason for this lower heat flux is not clear. 
It is speculated that the lower heat flux is a result of a 
deposit of material on the sidewall, possible Cs/I, near the 
melt-concrete interface. 

The upper heat flux from the melt pool was measured by a 
heat flux gauge located in the sliding portcullis as discussed in 
Section 2.4. A s  with TURC2 the IHCP code was utilized to calcu- 
lated the heat flux. The results are shown in Figure 3.30. This 
heat flux is a result of radiative and convective heat transfer 
within the upper plenum. A s  discussed in Section 3.2.1.2 a shape 
factor correction of 100 should be applied to the data in Figure 
3.30 in order to obtain the melt pool surface heat flux. 
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3.2.2.3 TURC3 Gas Composition and Flow Rate 

A s  described in Section 2.4.2, discrete grab gas samples of 
evolving gases were taken throughout the test. The compositions 
of the thirteen gas samples are listed in Table 3.7. The time 
indicated in Table 3.7 is the time from initiation of melt teem. 
The results for sample number 1 indicate that the portcullis was 
either open or only recently closed due to the large amount of N2 
and 02 present. (Note the relatively low quantities of N2 and 02 
in subsequent samples.) A s  described in Section 3.2.1.3, mea- 
surements of water vapor content within the sampled gas were 
unsuccessful; hence quantitative equilibrium calculations are not 
possible. 

A s  with TURC2, it is apparent from the gas sample composi- 
tion that water vapor and C02 released from the decomposing 
concrete were reduced to combustible H2 and CO. Shown in Figure 
3.31, is the logarithm moles ratio of CO to C02. A comparison to 
the TURC2 data shows both experiments exhibited considerable 
reduction of C02 to CO at early times, but the TURC3 data showed 
a greater reduction of C02. This is most likely due to the Zr 
metal component within the TURC3 melt. This is a clear indica- 
tion of the role of melt pool composition when evaluating combus- 
tible gas containment loads from a core-concrete interaction. 

An argon seed gas was injected at a known rate of -4.0 X 
lop3 kg/sec in order to evaluate the gas flow rates from the 
experiment. A s  in TURC2, gas flow rates were inferred from the 
gas composition data by examining the mass fraction of the Ar 
constituent. Shown in Figure 3.32 are the flow rates as deter- 
mined from the 13 gas samples. A comparison with TURC2 data 
shows similar trends, but indicates higher flow rates. The 
carbon mass flow rate is shown in Figure 3.33. 

3.2.2.4 Aerosol Data for TURC3 

Upon retrieval and disassembly of the aerosol sampling 
instruments from the TURC3 test, the following observations were 
made. 

(1) The view windows of the opacity meter were clear and 
unobsecured. Purge gas flow was established 20 seconds 
before portcullis closure. 

(2) The impactor samples did not appear to be overloaded. 
This was borne out by the weights of collected material. 
The dilution appeared to have been adequate in prevent- 
ing overloading. 

(3) The aerosol collected by the impactors and the filters 
was dark, almost black, in appearance as it was in the 
TURC2 test. 
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Sample 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Time 
(secs) 

10.0 

20.0 

25.0 

30.0 

35.0 

40.0 

45.0 

50.0 

50.0 

70.0 

80.0 

90.0 

100.0 

Table 3.7 

TURC3 Gas Composition 

VOLUME PERCENT % 
-2- H -2- N GO 2 2 -  

- 

13.807 

44.728 

49.103 

40.552 

39.199 

39.007 

32.445 

30.436 

27.414 

23.090 

20.188 

13.068 

10.913 

69.972 

6.235 

7.310 

7.331 

6.930 

5.576 

5.099 

4.345 

5.528 

5.442 

5.483 

5.807 

8.574 

0 2 -  

16.413 

0.864 

0.741 

0.905 

0.683 

0.533 

0.443 

0.368 

0.467 

0.571 

0.553 

0.508 

0.774 

Ar 

0.808 

2.190 

5.463 

7.963 

11.951 

16.065 

20.980 

27.586 

35.338 

40.286 

45.501 

51.485 

52.868 

- 

36.549 

33.538 

39.407 

39.734 

37.199 

32.663 

30.317 

20.618 

15.353 

12.069 

9.308 

8.412 

- 

9.434 

3.845 

3.842 

1.503 

1.820 

8.370 

6.948 

10.635 

15.258 

16.106 

19.725 

18.459 
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Filter Data: The locations of the filter samples on TURC3 
are the same as on TURC2. The measured aerosol concentrations 
and sample times are given in Table 3.8. The zero time is taken 
as the time of portcullis closure, 15 seconds after the initia- 
tion of the teem. Concentrations and flows are given at STP. 

Opacity Monitor: The trace from the opacity monitor is 
given in Figure 3.34 along with the aerosol concentration mea- 
surements from the filters. The opacity trace gives percent 
opacity as a function of time. The data correlate reasonably 
well although there seems to be a time lag of approximately 10 
seconds in the initial data. No explanation of this has been 
given. Further analysis and correlation of measured aerosol 
concentration with opacity have not been performed. 

The opacity monitor indicates an initially high aerosol 
concentration which drops to a very low level about 25 seconds 
after portcullis closure and rises again to a high concentration 
at about 40 seconds. 

Impactor samples: The locations of the impactors was the 
same as in the TURC2 test. The dilution appeared to have pre- 
vented overloading. Figure 3.35 is the size distribution 
obtained by averaging the distributions of impactors 1 and 2 
which sampled from 0 to 20 seconds after portcullis closure. 
This distribution is representative of the distributions measured 
by the other impactor samples and is similar to that measured in 
TURC2. The distribution is predominantly unimodal with the mass 
mean aerodynamic diameter located between 1 and 2 pm and a geome- 
tric standard deviation of about 2.0. Table 3.9 contains the 
gross impactor data for the impactors run on the TURC3 test. 
Sample time, mass collected, flow rate, aerosol concentration, 
and dilution rate are given. 

Chemical Analysis: The same dopants used in TURC2 were used 
in TURC3 (listed in Table 2.2). Qualitative XRF analysis was 
performed on two selected filter samples from TURC3 (sample B; 10 
to 20 seconds and sample F; 120 to 150 seconds). Table 3.10 
contains the results of this analysis for selected elements. 
These results are qualitative and are not an exhaustive analysis 
of the elements present. 

Qualitative PIXE analysis has also been performed on 
selected aerosol filter samples from TURC3. They are sample A (0 
to 10 seconds), sample C (20 to 40 seconds), sample D (40 to 60 
seconds), sample E (60 to 90 seconds), sample H (330 to 360 
seconds), and sample A taken from the interaction chamber (0 to 
20 seconds). The results from the PIXE analysis concur with the 
XRF results that Te, I, and Cs are the major aerosol consti- 
tuents. Tellurium appears to be significantly released even 
after five minutes. Manganese was also detected as a significant 
component of the aerosol, perhaps more so than would be suggested 
by XRF analysis. Uranium was detected at trace levels as was Ni 
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Table 3.8  

Aerosol Filter Data fo r  TURC3 

Sample Collected Sample Aerosol Concentration 
Time* Mass Flow Rate at STP 

Sample sec mg (SLPM) ( g / m 3 >  

Exhaust Line 

A 0-10+ 

B 10-20** 

C 20-40+ 

D 40-60+ 

E 60-90+ 

F 120-150** 

G 240-270 

H 330-360+ 

I 420-450 

Interaction Chamber 

28.0 

15.7 

15.6 

19.0 

35.5 

33.0 

28.5 

18.3 

11.7 

0-20+ 34.0 

0-20 38.9 

*Time after portcullis closure 

**Analyzed by XRF 
+Analyzed by PIXE 
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Table 3.9 

Aerosol Impactor Data for TuRC3 

Sample Collected Sample Combined Aerosol 
Time* Impactor Mass Flow Rate Concentration** 
(sec) (-> (mg) (SLPM) (g/m3) 

0-20 1 20.6 6.2 

0-20 2 28.0 9.3 

20-40 3 21.7 6.4 

20-40 4 24.0 9.1 

60-90 5 15.2 6.5 

60-90 6 21 .o 8.9 

240-270 7 13.0 6.2 

240-270 8 19.3 9.4 

*Time after portcullis closure 

22.4 

21.1 

11.2 

9.9 

**Dilution ratio of 2.38:l is applied 
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Table 3.10 

XRF Analysis of TURC3 Aerosol Samples 

Qua1 i tative Analysis 
Sample 

B F 
Element (10 to 20 s e c )  (120 to 150 sec)  

cs M M 

I M M 

Te M M 

Ti 

K 

S 

S 

S 

S 

Mg S S 

Mn S S 

Sb S S 

Levels: M = Major Constituent 
S = Minor Constituent 

Examined for  but not detected were 
Ba, Ce, La, Ni, Mo, and C a  
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and Mo. Tungsten was detected as a very minor aerosol consti- 
tuent. This is in accord with the lack of tungsten parts found 
in the TURC3 test and is an interesting contrast to the tungsten 
release noted in TURC2. 

3.2.2.5 TURC3 Posttest Melt Pool Composition and Melting Point 

A s  with the TURC2 debris, general representative samples of 
the TURC3 melt pool debris were removed for elemental composition 
analysis by XRF and melting point determination by the cone 
slumping method. The XRF and melting point data are listed in 
Tables 3.11 and 3.12, respectively. 

It is fairly clear from the qualitative XRF data that decom- 
posed concrete constituents were introduced into the bulk debris 
material. This is felt to be the reason, once again, for the 
depression in the melting point of the debris. One must exercise 
care in extending these data beyond the simple fact that rela- 
tively small quantities of concrete constituents (and/or fission 
product species) have a significant impact on the melting point 
of U02 laden debris. 

-102- 



Element 

U 
Ti 
Mn 

Fe 
Zr 
I 
Cs 
A1 
Si 
Ca 
Ba 
K 
Mo 
W 

Pretest* 
Mater i a1 

Table 3.11 

TURC XRF Elemental Analysis 

Melt Pool 
Outer Radius 
at Concrete 
Interface 
(Green Deposit) 

M 
M 

Less than 
1 cm above 
Melt- 
Concrete 
Interface 
at Radial 
Centerline 

M 

- 

S 
M 

NOTE: M: Major Component, S: Small Component, 
- :  Not Detected 

* U02/Zr02/Zr, N o  Fission Product Mocks 
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Melt Pool 
Outer 
Radius 
3-4 cm 
above 
Concrete 
Interface 

M 

- 

S 

- 

S 

T :  Trace, 

Center 
of 
Melt 
Pool 

M 
- 

- 

S 
M 
- 

- 

S 

S 
S 

S 
- 

- 

- 



Table 3.12 

TURC3 Melt Pool Melting Point 

Material Description 

Original Material* 

Melt-Concrete Interface 
Radial Centerline 

Melt-Concrete Interface 
Outer Radius (green deposit 
i nc 1 ude d) 

Melting Point 

2575 10 K 

2275 - 2295 K 

2235 10 K 

Melt Pool Center 2492 - 2523 K 

*U02 (64 w/o)/Zr02 (27 w/o)/Zr (9 w/o) , no fission product 
mocks 
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4 .  EXPERIMENT ANALYSIS 

4 . 1  Introduction 

4.1.1 Purpose and Background 

This section presents an analysis of the results of the 
TURC2 and TURC3 experiments. An analysis of the experimental 
results is performed using a heat balance model that has been 
written primarily for analysis of these, and other similar, 
experiments of 1-D concrete ablation with refractory sidewalls. 

4.1.2 Method of Analysis 

The model consists of a collection of modules that predict 
the various heat losses. The major heat loss mechanisms are: 
losses to the ablating concrete, wall losses, radiative losses 
from the top of the pool, and losses to the gases escaping from 
the concrete. 

4 . 2  Description of Heat Balance Model 

A detailed description of the model including all of the 
various equations and numerical methods of solution appears in 
the TURCl document9 and will not be repeated in this report. 
Briefly summarized, the model that is used in making the heat 
balance calculations for the TURC experiments is a three region 
model. The three different regions are: the pool/melt region, a 
wall region, and a concrete region. 

The pool region includes conservation equations that solve 
for both chemical species distributions and the temperature dis- 
tribution. The equations are one-dimensional, yielding vertical 
distributions as a function of time and boundary conditions. 

The wall region represents the refractory MgO wall that 
surrounds the pool melt. A two-dimensional (R/Z)  conservation 
equation for the temperature distribution is solved in this 
region. 

The concrete region includes both a wet and dry zone. The 
wet zone is that area where liquid water exists and the dry zone 
is that region where no liquid water exists. Both zones include 
conservation equations for temperature and mass distributions. 
All of the equations in this region are one-dimensional. 

The melt/concrete interactions typically involve ablation of 
the concrete. Moving coordinate systems that are attached to the 
boundaries of the various regions are used and the motion is 
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accounted for by advection of material and/or energy through the 
regions. 

In performing the experiment analysis several assumptions 
were made in order to simplify the complexity of the calcula- 
tions. The simplifying assumptions involved assumed values of 
thermophysical properties of the various materials and effective 
heat transfer coefficients between the melt pool and the MgO 
wall, and between the upper crust and the overlying atmosphere, 
and, where necessary, between the melt pool and the concrete 
surf ace. 

The various thermophysical properties of the materials used 
in the TURC2 and TURC3 experiments appear in Table 4.1. 

In modeling the heat losses from the melt pool it was found 
that liquid-solid contact between the melt pool and the MgO wall 
would lead to excessive heat fluxes when compared to the experi- 
mental data. Therefore, a heat transfer coefficient was placed 
in series between the U02 crust at the wall and the wall itself. 
The magnitude of the heat transfer coefficients are discussed in 
the text. 

The heat transfer from the upper melt pool crust to the 
experiment crucible cavity was best characterized by a convective 
heat transfer coefficient of 30 W/m2K acting in parallel with a 
purely radiative heat transfer coefficient with an emissivity of 
0.3. 

4.3 Comparison with Experiment 

The analysis of the TURC2 and TURC3 experiments can be 
separated into two categories. In category one the model 
predictions can be compared directly with the data derived from 
the experiments. The comparison is provided so that the model 
and its predictions for these experiments receives some level of 
validation. The model predictions for category 2 are those 
predictions which cannot be compared to experimental data simply 
because there is no data. 

In category one there are four main types of experimental 
data that can be compared with the model predictions: 

(a) Thermocouple temperature histories at various depths in 
the concrete. 

(b) The erosion front and the wet/dry front locations. Both 
of these front locations are derived from the thermo- 
couple temperature histories. 
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Table 4.1 

Thermophysical Properties of the Materials in the 
TURC2 and TURC3 Experiments 

Density (Kg/m2) 

Bound Water (%) 

Evaporable Water (%) 

C02 Content (%) 

Specific Heat 
(J/KgK) 

Melt Temperature (K) 

Thermal Conductivity 
(W/mK) 

K = A T + B > C  - 

Concrete 

2400 

2.0 

2.7 

22.0 

1100 

1550 

MgO Wall 

2640 

1250 

A = -0.0012 A = -0.005 
B = 2.4 B = 8.193 
c = 0.12 c = 1.966 

where 

K is the thermal conductivity 
T is temperature in Kelvin 
C is the minimum thermal conductivity 

(s) refers to the solid phase 
(1) refers to the liquid phase 

Melt Pool 
TURC2 TURC3 

8036 

- 

- 

- 

596 

2657 

3.15(s) 

4.82 (1) 

7663 

- 

- 

- 

587 

2575 

3.2(s) 

4.9(1) 



(c) The MgO wall heat flux history. The predicted heat flux 
from the model is compared with the inverse heat flux 
calculations from the previous section (3 .2.1.2 and 
3.2.2.2)  

(d) The gaseous carbon mass flow. This is defined as the 
mass rate of flow of carbon in kg/sec from both CO and 
C02. The model does not predict chemical reduction of 
C02 to CO so that chemical composition comparisons are 
not possible. However the model does predict C02 re- 
lease from the concrete so that the total carbon content 
of the decomposition gases can be compared with experi- 
mental measurements. 

The results of the analysis indicate that the behavior of 
both experiments was similar, therefore the results of the analy- 
sis will be presented simultaneously for both experiments in 
order to avoid duplication of discussion, definitions, and impli- 
cations. Any differences between the experiments will be pointed 
out directly in the discussion of results. 

Comparisons of the predicted and the measured thermocouple 
response are shown in Figures 4.1 through 4.3 for both experi- 
ments. An inspection of the figures reveals excellent agreement 
between the experimental data and the model predictions for both 
experiments. The figures shown are for the centerline of both 
experiments and the 18-cm radius for the TURC2 experiment. 

The 18-cm radius thermocouple response for the TURC3 experi- 
ment is not shown because it could not be matched exactly. A 
reasonable approximation for the TURC3 18-cm radius thermocouple 
response could be obtained by placing a thermal resistance 
equivalent to a heat transfer coefficient of 20 W/m2K in series 
between the melt pool and the concrete surface. The thermal 
resistance would undoubtedly correspond to the greenish powder 
that was found separating the frozen pool and the concrete sur- 
face from the 15 cm radial location outwards to the MgO wall. 
The inability of the model to match the thermocouple response 
exactly implies that the thermal resistance of the greenish 
powder varied with time. 

Figures 4 . 4  and 4 .5  show the predicted erosion front loca- 
tions for the TURC2 and 3 experiments. The model predicts a very 
small amount of surface erosion for both experiments (2 and 1 mm, 
respectively). That level of erosion is consistent with the 
thermocouple data. For both experiments the thermocouple data 
indicated no erosion to the nearest 5 mm. Physical inspection of 
the melt pool showed a small amount of concrete within the melt 
pool-concrete surface boundary layer. In addition, physical 
separation of the melt pool from the concrete revealed the con- 
crete aggregate as a clearly discernible mosaic indicating that 
at least the thin top surface layer of concrete had been melted. 
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Figure 4.2. Comparison of the Predicted and Measured 
Thermocouple Response at the Concrete 
Mid Radius (18 cm) in the TURC2 Experiment 

Figure 4.3. Comparison of the Predicted and Measured 
Thermocouple Response at the Concrete 
Centerline in the TuRC3 Experiment 
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The change in melting temperature is an effect that is not 
included in the model but is known to exist both in principle and 
as measured (see Tables 3.6 and 3.12) data. It would seem that 
the depression in melt temperature, due to ablation, should keep 
the pool in a molten state long enough for some measurable 
ablation to occur. By plotting the predicted thermal history 
within the melt pool boundary layer for the TURC2 experiment, it 
is found that the lowermost 1/2 cm of the melt pool will freeze 
and drop to a temperature below the lowest measured boundary 
layer melt temperature (Table 3.6 Tmelt -2355) within the first 
30 seconds. Thus the model predicts that it is the very rapid 
freezing and low boundary layer temperatures that account for the 
minimal ablation that is found in the experiments. 

The wet front locations for both experiments are also shown 
in Figures 4.4 and 4.5. The wet front is defined as the planar 
locations that separates the regions of concrete which do and do 
not contain evaporable (liquid) water. In the model the wet 
front is a point in its one-dimensional space. Physically the 
wet front exists as a zone of variable thickness where the liquid 
water is evaporating. The location of the wet front can be 
derived from the experimental thermocouple traces by selecting 
the point where the initial plateau in temperature rise changes 
slope and begins rising a second time. Those wet front loca- 
tions, corresponding to the various thermocouple positions, are 
shown as the experimental data points in Figures 4.3 and 4.4. 
There appears to be a small discrepancy between the model and the 
experimental data. The discrepancy may be attributed to differ- 
ences in assumed versus real thermophysical and water content 
properties of the concrete. Another possibility is that liquid 
water migration occurs at a greater rate than the model currently 
predicts. 

Figures 4.6 and 4.7 are plots of the predicted versus mea- 
sured MgO annulus wall heat fluxes as a function of time. Quite 
good agreement is shown for both experiments. In order to obtain 
this agreement a significant thermal resistance had to be placed 
in series between the U02 crust growing along the wall and the 
wall itself. The thermal resistance in both of the experimental 
predictions was best characterized as a purely radiative phenom- 
ena with a net emissivity/absorptivity of 0.09. Such a low value 
of emissivity/absorptivity indicates that the radiation most 
likely had to diffuse through a layered or powdery structure 
rather than across a single clean air gap. The slight discrep- 
ancy at later times could easily be accounted for by changing 
thermophysical properties and changes in the gap thermal resis- 
tance as a function of time. Recall that the posttest analysis 
in both experiments revealed a gap, thin crusts, and powder 
adhering to the M g O  sidewalls. 

Figures 4.8 and 4.9 are plots of the gaseous carbon mass 
flow predictions versus experimental data for the TURC2 and TURC3 
experiments. Reasonably good agreement is found for the TURC2 
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experiment as shown in Figure 4.8. However a significant dis- 
crepancy between the experimental data and the model prediction 
is found for the TURC3 experiment as shown in Figure 4.9. The 
reason for the large discrepancy is not clear. If the experi- 
mental data for gaseous carbon mass flow is integrated numeri- 
cally over the time scales where data was taken, the results of 
the integration yield a total of 56 grams of carbon in 6.5 
minutes for the TURC2 experiment and 814 grams of carbon in 1-1/2 
minutes for the TURC3 experiment. The density of carbon in 
limestone-common sand concrete is 141 kg/m3. Thus the expected 
carbonate gas release zone is 3 mm in TURC2 and 4.5 cm in TURC3. 
In order for the limestone aggregate to release C02 gas it must 
reach a temperature of approximately 1200 K. By examining the 
thermocouple traces for the TURC3 experiment (Figures 3.20, 3.21, 
and 3.22) it is quite clear that the large quantity of carbon 
measured in the TURC3 experiment did not come from the concrete. 
Whether the large carbon source is due to an error in instrumen- 
tation or the presence of some organic material in the crucible 
cannot be determined. 

The previous set of figures (4.1 through 4.9) provides some 
level of validation of the model that was used to analyze these 
experiments. In addition to the predictions that can be compared 
to the experimental data the model also provides a significant 
amount of information that cannot be compared to experimental 
data. 

Figures 4.10 and 4.11 are plots of the total heat losses for 
the TURC2 and TURC3 experiments. Total heat loss is expressed in 
kilowatts for each of the four different heat l o s s  mechanisms. 
As can be seen from the figures all of the predicted heat losses 
are of the same order of magnitude at very early times. Figures 
4.12 and 4.13 are the heat fluxes associated with the same heat 
loss mechanisms. 

Figures 4.14 and 4.15 are plots of the effective heat trans- 
fer coefficient between the bulk pool and the concrete surface. 
Figure 4.15 is valid for the centerline of the crucible only. At 
distances closer to the sidewalls in the TURC3 experiment a 
significant heat transfer resistance must be added in series with 
the heat transfer coefficient shown in order to match the thermo- 
couple traces. 

Figures 4.16 and 4.17 are plots of the predicted ablation 
rate for the TURC2 and TURC3 experiments. The maximum predicted 
rate of ablation is approximately 6 cm/hr which lasted for a 
short time, The temporal decrease in melting rate was due to 
crust buildup which inhibited efficient heat transfer to the 
surface. In the TURC2 experiment the ablation is delayed for 
about 20 seconds. During this time the concrete interface tem- 
perature is below its melting point due to the combined effects 
of transient conduction and heat absorbtion due to C02 and H20 
gas generation. The delay in ablation is much shorter ((1 sec) 
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in the TURC3 test because the zirconium metal generates a signif- 
icant amount of heat at the concrete interface when reacting with 
the evolved gases. The heat generation due to chemical reaction 
in the TURC3 test offsets the heat absorbed by gas generation and 
thus allows the temperature of the concrete interface to reach 
its melt point in a much shorter time. 

Figures 4.18 and 4.19 are plots of the predicted melt pool 
temperature as a function of time. The initial plateaus corre- 
spond to the freezing of the melt pool. TURC2 took significantly 
longer to freeze because of its larger melt mass. The predic- 
tions shown here are for temperatures in the central region of 
the melt pool. Significant thermal gradients do exist in the 
melt pool while it is freezing (the solidified UO2 would be at a 
significantly lower temperature). The fraction of the melt pool 
mass that is frozen is shown in Figures 4.20 and 4.21. These 
correspond quite well with the temperature plateaus in Figures 
4.18 and 4.19. 

As explained earlier, a significant heat transfer resistance 
was predicted to exist between the UO2 crust growing on the wall 
and the wall itself. Figures 4.22 and 4.23 are plots of the 
predicted surface temperatures of the gap separating the wall UO2 
crust and the MgO wall. As can be seen, in both experiments a 
very large temperature difference is predicted, most often 
exceeding 1000 K. 

Figures 4.24 and 4.25 are the predicted gas velocities and 
mass fluxes entering the melt pool for the TURC2 and TURC3 exper- 
iments. At early times the superficial gas velocity was a 
fraction of a meter per second. Apparently this is not a high 
enough gas velocity to keep any crust that forms in a disrupted 
state. If it were, a measurable amount of ablation should have 
occurred. 

In summary the model has produced predictions that agree 
with the experimental data. The model predicts minimal erosion 
with rapid crusting. Significant thermal resistances were 
predicted to exist radially outward from the centerline of the 
concrete slug in the TURC3 experiment and up the MgO sidewalls in 
both the TURCZ and TURC3 experiments. 

4.4 Analysis of Aerosol Data from TURC2 and TURC3 

These experiments have yielded experimentally determined 
aerosol mass source rates, aerosol size distributions and 
elemental release rates for elements of interest (Table 4.4). 

The aerosol mass source rates are calculated by multiplying 
the measured aerosol concentrations by the exhaust gas flow 
rates. Delay times for the released aerosol to flow from the 
melt surface to the sampling point have been taken into account 
by calculating the time to flow through the intervening volume. 
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Particle losses have been estimated for inertial deposition 
diffusive deposition, thermophoretic deposition, and particle 
settling. The source term at the sampling point and sampling 
times have been adjusted for estimated loss and delay time. 

The flow delay time calculation assumes incompressible flow, 
negligible pressure drop along the flow paths, uniform conditions 
within a volume element, and that steady state treatment applies. 
The following backward calculation scheme is employed. 

where 

Qi,j is the actual volumetric flow rate through the ith volume 

P;,j is the pressure in the ith element at time j 

T;,j is the temperature in the ith element at time j . 

element at the time j. 

and 

where 

Ati,j is the transit time or delay time for flow through the ith 
element at time j. 

is the volume of the ith element. Vi 

and 

= c at. 
attot, j i 1,j 

where 

Attot,j 

The element volumes are the crucible at 0.1004 m3, 
at 0.0016 m3, 
0.0058 m3 

is the total delay time at time j .  

The calculated exhaust flows are used in this calculation. 
the exit pipe 

the melt trap at 0.0049 m3, and the exhaust line at 
(Figures 2.15 and 2 .16) .  

Transport losses of particles through the exhaust lines are 
presented as transport efficiencies. Transport efficiencies are 
defined as the fraction-of material transported through the 
system. Transport efficiencies are functions of particle size 
and loss mechanism. Efficiencies are calculated at each time for 
each loss mechanism in each cell. The total transport efficiency 
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at a given time is the product of the transport efficiencies for 
each loss mechanism in each cell. 

where 

(D t.) is the total transport efficiency as a function 
'TOT P' J of particle size, Dp, at time tj. 

vki(Dp,tj) is the transport efficiency for the kth 
mechanism in the ith cell as a function of 
particle size, Dp, at time tj. 

The integral transport efficiency at time tj is defined as 

where 

m(Dp) 

The relation between measured aerosol mass source rate &mj, 

is the mass distribution of aerosol. 

at the sampling point at time j, and the actual aerosol mass 
source rate, &j, is 

0 0 

In calculating the integral transport efficiency, we have 
assumed a single mode lognormal aerosol distribution with a 
geometric mass mean aerodynamic diameter, DGM, of one micrometer 
and a geometric standard deviation, ag, of two. The distribution 
is expressed as 

where 

dM is the differential mass of aerosol contained in the 
interval Dp to Dp + dDp and 

MT is the total aerosol mass in the distribution 



This distribution is an adequate representation of the 
measured size distributions in TURC2 and TURC3. 

Transport efficiencies are calculated for laminar or turbu- 
lent tube flow. The mechanisms are gravitational settling, 
diffusion, thermophoresis, inertial deposition in bends, and, for 
turbulent flow, turbulent inertial deposition. 

The settling velocity is calculated by the well-known 
express ion20 

where 

hset is the settling velocity 

g is acceleration of gravity 

Dp is the particle diameter 

pp is the particle material density 

C(Dp) is the slip correction 

p is the gas absolute viscosity 

The settling velocities for the assumed distribution are 
calculated for each cell at each time to give an estimate for 
settling losses. It is adjusted appropriately to reflect that 
deposition from this mechanism is in the downward direction only. 

In the case of turbulent flow in a horizontal tube, settling 
loss is assumed to occur from a well-mixed volume through the 
boundary layer. Efficiency is expressed as 

[ dL hset] 
Q 'I (Dp) = - 

where 

d is pipe diameter, 

L is pipe length, and 

Q is volumetric flow. 

In the laminar flow case a different approach is used. The 
radial velocity profile is ignored in this estimate and settling 
from the entire cross section of the horizontal tube is assumed. 
A particle must settle to the lower half of the pipe to be lost. 

-138- 



A strictly geometric argument is used in this estimation. The 
distance a particle settles during the transit time through the 
tubes, divided by the tube diameter, d, is the parameter of 
interest. If s/d is greater than or equal to one, no particles 
are transported and efficiency is zero. The expression of trans- 
port efficiency for gravitional settling in laminar tube flow is 

v(Dp) = 3 [arccos (s/d) - (s/d) (1 - (s/d) 21 1/21 

Gravitational deposition is calculated for horizontal tubes 
only. 

The deposition velocity for particle diffusion loss to the 
walls is calculated from 

- -  ShOD 
hdif f - d  

where 

hdiff is deposition velocity from diffusion 

Sh is the Sherwood number 

D is the particle diffusion coefficient 

d is the tube diameter 

The expression for Sherwood number is21 

0.0668 (d/L) Re Sc 
2/3 

Sh = 3.66 + 
1 + 0.04 [(d/L) Re Sc] 

for laminar flow and 

Sh = 0.0118 Re7/8 Sc1/3 

for turbulent flow20 

where 

PI Sh = Sherwood Number = 

Re = Reynolds Number = (4Q/rvd) 

Sc = Schmidt Number = (v/D) 

d = tube diameter 



L = tube length 

v = kinematic gas viscosity 

D = particle diffusion coefficient 

Q = volumetric flow 

The particle diffusion coefficient is calculated from 

D = kTB 

C ( D  ) = 1 + % [1.257 + 0.4 exp[- D ] X P  P P 

where 

k is Boltzmann’s constant 

B is particle dynamic mobility 

C is the slip correction 

p is the absolute gas viscosity 

Dp is particle diameter 

X is gas mean free path 

m is the molecular weight of the gas 

The transport efficiency is calculated from 

-TdL hdif 
q Z e x P [  Q ] 

This expression for the laminar flow case gives very good 
agreement with the solution of Gormley and Kennedy.a2 
diffusion loss in lAminar tube flow 

For 
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rdL E = g  

q = l -  2.56 5 2/3 + 1 . 2  + 0.177 4/3 

for E <0.02 

7 = 0.819 exp(-3.657 5) + 0.097 exp(-22.3J) + 0.032 exp(-57() 

for E > 0 . 0 2  

Thermophoresis is the transport of a particle by a tempera- 
ture gradient. A particle in a gas which has a temperature 
gradient will move down the gradient with a thermophoretic velo- 
city, hth. This would cause deposition of particles in a hot gas 
to a cool wall. 

This thermophoretic velocity is constant for particles much 
larger than the gas molecule mean free path This is for con- 
tinuum regime particles and is expressed as20 

2 ( k  /k ) k VT 
5P (1 + 2k /k ) 

- 

hth,c - 
g P  

where 

hth,c is the thermophoretic deposition velocity, 

kg is the conductivity of the gas, 

kp is the conductivity of the particle material, 

P is the pressure, and 

VT is the temperature gradient in the gas 

For particles in the free molecule regime (particle size 
much smaller than the gas molecule mean free path) the thermo- 
phoretic velocity is also constant but expressed asz0 

- 3vVT 
- 

hth,fm 4 ( 1  + ~(0.9)/8)T 

where T is the gas temperature. 

Defining the Knudsen number as 

Kn = 2 X/D, 



allows us to interpolate thermophoretic velocity in the region 
where particle size is on the order of the mean free path. 

for 0.1 < Kn < 10 In (10.Kn 
hth - hth,c + (hth,fm hbh, c) In (100. 

- - 

In the case of an agglomerate particle, the particle con- 
ductivity is not necessarily the same as the particle material 
conductivity. To calculate the particle effective conductivity, 
the simple relation for parallel resistance is used 

where 

keff is the effective particle conductivity 

a is the solid volume fraction of the agglomerate 

For a spherical agglomerate, the solid volume fraction, a ,  and 
the dynamic shape factor, x, are related as 

3 a = l/x 

Substitution of k,ff into the expression for htn,c gives 

2(1 -a  + a k /k ) k VT 
- 

hth,c - 5P (1+2(1-ag+ k 7k )) 
g P  

or for spherical agglomerates 

- - 
hth,c 

Comparison of k /k and kg/keff for various values of is 
given below. Generayly, kg/k, ranges from 0.01 to 0.1. 
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1 1 0.01 to 0.1 

0.512 1.25 0.49 to 0.54 

0.296 1.50 0.71 to 0.73 

0.125 2.00 0.88 to 0.89 

A s  is seen, if half the particle volume is gas, then the 
value of k /keff is closer to 1 and the range of variation is 
reduced. For our calculations, we have chosen x = 1.5 (Ref. 23). 

The temperature gradient, VT, to the wall drives the thermo- 
phoretic deposition to the wall. In our treatment of each cell 
as a tube, the temperature gradient may be calculated from the 
appropriate Nusselt number and temperature difference to the 
wall. The Nusselt number may be thought of as the ratio of the 
characteristic system dimension to the thermal boundary layer 
thickness. The temperature gradient is approximated by the tem- 
perature difference divided by the thermal boundary layer 
thickness. 

6th = d/Nu 

VT = AT/6th = AT Nu/d 

where 

6th is the thermal boundary layer thickness 

d is the tube diameter 

Nu is the Nusselt number 

VT is the temperature gradient 

AT is the temperature difference. 

The expression for Nusselt number is21 

0.0668(d/L) Re Pr 
2/3 

Nu = 3.66 + 
1 + 0.04 [(d/L)Re Pr] 

for laminar flow and 

Nu = 0.0118 Re 7/8 p,1/3 
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for turbulent flow 

where 

d is the tube diameter 

L is the tube length 

Re is the tube Reynolds number = 4Q/~vd 

Pr is the Prandtl number = ~ / a !  

a is the thermal diffusivity of the gas 

The expressions for Nu are the same as are used f o r  Sh in 
the diffusion deposition calculation. The heat-mass transfer 
analogy is applied. 

The transport efficiency for thermophoresis is calculated 
from 

The inertial losses of particles traversing a bend in the 
pipe is estimated in the same way for both laminar and turbulent 
flow.24 The Stokes number, Stk, of a particle is the ratio of 
particle stopping distance to some characteristic system dimen- 
sion. In the case of tube flow it is 

Stk = Tu/d 

where 

p D C [ D )  

1% 
r = particle relaxation time = 

u = average velocity in the tube 

and efficiency is estimated by 

where 6 is the angle of the bend in radians. 

Turbulent inertial deposition occurs when the turbulence in 
the central region of the pipe flow throws a particle into the 
laminar sublayer of the turbulent boundary layer. If the par- 
ticle's inertia is sufficiently high, it will fully penetrate the 
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sublayer and be collected on the wall, Liu and Agarwal25 give an 
empirical relation for the deposition velocity of this mechanism. 
They relate a dimensionless deposition velocity, vt+, to a dimen- 
sionless relaxation time, r+. 

Vt+ = 6.0 low4 (?+)2 ; r+ < 13.  

vt+ = 0.1 ; r+ > 13.  

The friction velocity UJ; is an important parameter in the dimen- 
sionless variables 

where 

u = the average velocity in the tube. 

and the deposition velocity for turbulent inertial deposition, 
ht, is 

The efficiency is calculated from 

The lack of detailed flow and temperature data in the 
exhaust line does not justify an exhaustive treatment. The 
following assumptions are made in the l o s s  calculations. 

(1) Exhaust flow is taken from the data based on seed flow 
and gas analysis 

( 2 )  The gas temperature is  taken as 500 K and the tempera- 
ture difference to the wall as 100 K 

( 3 )  The gas composition is taken as 

10% H2 
10% H20 
25% CO 
25% C02 
25% Ar 
5% N2 

by volume 



(4) 

(5) 

(6) 

The 
measured 

The aerosol size distribution is described as log- 
normal with geometric mass median aerodynamic diameter 
of one micrometer and geometric standard deviation of 
two. 

The value of gas conductivity is taken as 3000 erg/sec 
cm/K, and the value of k /kp as 0.01, and the value of 
x as 1.5 for the calculafion of thermophoretic 
deposition. 

Four cells are treated. They are 

crucible 41 .O 80.0 0 

line 1 7.6 40.0 0 

melt trap 17.8 95.0 0 
line 2 7.6 218 90" 

mass source rates are calculated by multiplying the 
aerosol concentration in the exhaust line by the volu- 

metric gas flow through the line. This gives the measured mass 
source rate at the sample point averaged over the sampling inter- 
val. The mass source rate at the melt surface is calculated by 
applying the loss term. The time interval for the source is 
calculated by subtracting the delay times from the beginning and 
end of the sampling time interval. 

The gas flow can play a very significant role in the source 
term calculations, in the loss  calculations, and in the delay 
time calculations. Erroneously high values of gas flow would 
overestimate the mass source rate and underestimate transport 
losses and delay time. It is possible 'that the measured gas 
flows reported for TURC3 may be too high. If so, the mass source 
rate would also be too high. The TURC3 data have been reduced 
with the reported gas flows as well as with the argon purge gas 
flow alone. The selection of the argon purge gas flow as the 
total gas flow is because in the TURC2 experiment the total gas 
flow very quickly dropped to approximately the purge gas flow. 
Since the experimental behaviors were the same (;.e,, rapid 
crusting) presumably the evolved gas flows would be about the 
same. The details of delay time and aerosol transport loss have 
not been included in the second calculation as it is intended to 
represent a range in mass source rate reflecting the uncertainty 
in the gas flow in the TURC3 test. Consequently it is depicted 
in the graphic representation of the TURC3 source term, in Figure 
4.27. 

Tables 4.2 and 4.3'give the source rates for TURCZ and TURC3 
respectively. The times are from the initiation of the melt 
teem. The mass source is the mass source at the melt surface. 
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Table 4.2 

Aerosol Mass Source Term Measured in TURC2 

(Cumulative Release Measured Through Exhaust Line = 11.6 g to 1 2 . 9  g) 

Time* 
(sec) 

0-5 

5-10 

10-15 

15-35 

35-103 

103-165 

165-225 

284-350 

Aerosol L o s s  
Mass Source Rate** Estimate** 

g sec % 

0.40 to 0.44 

0.26 to 0.29 

0.132 to 0.147 

0.065 to 0.072 

0.051 to 0.057 

0.032 to 0.036 

0.012 to 0.013 

0.003 to 0.0033 

10 

10 

10 

10 

10 

10 

10 

10 

*Time from initiation of melt teem with 
source at melt-concrete interaction 
location 

**Range arises from estimates of particle 
loss during transport from interaction 
location to sampling point. The loss 
estimate represents the maximum expected 
loss employing the method described in the 
text. 

Uncertainty in concentration measurement is 
about *13% based on comparison of filter 
and impactor measurements of concentration. 
Combined uncertainty in aerosol loss  and 
cancer-tration measurement are *14%. 

-147- 



Table 4.3 

Aerosol Mass Source Term Measured in TURC3 

(Cumulative Release Measured Through Exhaust Line = 40 g to 44 g) 

Time* 
(sec) 

15-23 

23-31 

31-46 

46-62 

62-88 

117-145 

Aerosol Loss 
Mass Source Rate** Estimate** 

g sec % 

3 .4  to 3.7 

0.72 to 0.79 

0.189 to 0.21 

0.076 to 0.084 

0.056 to 0.062 

0.041 to 0.045 

10 

10 

10 

10 
10 

10 

*Time from initiation of melt teem with 
source at melt-concrete interaction 
location 

**Range arises from estimates of particle 
loss during transport from interaction 
location to sampling point. The loss 
estimate represents the maximum expected 
loss employing the method described in the 
text. 

Uncertainty in concentration measurement is 
about *38% based on comparison of filter 
and impactor measurements of concentration. 
This source term is based on the gas flows 
given in the text and does not reflect the 
uncertainty that these high flows may be 
erroneous or caused by organic material in 
the crucible. Combined uncertainty in 
aerosol loss and concentration measurement 
are *38%. 
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The mass source rates are given as a range, the lower being 
calculated without particle loss and the higher reflecting the 
estimated particle loss. Based on the above assumptions and 
treatment, the estimated losses are 10% of the particle mass. 

The mass source rates are calculated from the filter 
samples. An estimate of the uncertainty in the measured concen- 
trations was obtained by comparison of the concentrations mea- 
sured by the filters and those indicated by impactor samples. 
The uncertainty in concentration measurement in TURCZ is *13% and 
in TURC3 is *38%. No estimate of the uncertainty in flow 
measurement has been made. Particle losses during transport to 
the sampling point are reflected in the range of source term 
given in the tables and are estimated to be as high as 10% in 
both tests. 

Filter measurements made of the aerosol in the interaction 
chamber immediately upon portcullis closure give an indication of 
the mass source rate during the melt teem and initial melt/ 
concrete interaction. Material such as dust, rust from the 
chamber walls, insulation material, and combustion products from 
flammable materials could contribute to the measured aerosol 
mass. The explosive charge used to tap the melt crucible may 
have caused this material to become airborne. The estimates of 
the initial source terms are 9 g/sec for TURCZ and 27 g/sec for 
TURC3. As stated above, these estimates may be high as a result 
of collection of extraneous material in the filter samples. 

Figures 4.26 and 4.27 are graphic representations of the 
aerosol source terms measured in TURCZ and TURC3, respectively. 
The range reflected in the histograms is the same as in the 
tables. Also presented is the molar flow rates of the gas 
evolved during the interaction. 

The figures also include the initial mass source term as 
indicated by the interaction chamber filter samples. Also 
contained in Figure 4.27 is a source term calculated using the 
argon purge gas flow (lower curve). This is to give an idea of 
the range of uncertainty in the source term. It has not been 
corrected for delay time or aerosol transport loss. 

The possibility of erroneously high gas flows in the TURC3 
test must be considered. These results could accurately reflect 
the gas flows which could have been produced by organic material 
in the crucible exposed to the high temperature melt. In this 
case the gas flows and source term measured in the test are 
actual although not arising only from melt concrete interaction. 
The chamber concentrations of aerosol were higher in the TURC3 
test than in the TURC2 test suggesting a higher source term in 
the TURC3 test. The chamber derived source term for TURC3 dove- 
tails into the exhaust line source term measurement as seen in 
Figure 4.27.  The presence of organic material in the crucible 
would also explain the high carbon evolution indicated in the 
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data. However one must keep in mind the caveats concerning the 
aerosol measurements made in the chamber. 

On the other hand, the gas flow measurements could be in 
error. This uncertainty exists and is not easily quantified. 
The lower source term curve in Figure 4.27 is an attempt to show 
how this uncertainty in gas flow effects the uncertainty in 
source term. It is calculated using only the 4 g/sec argon purge 
gas flow as the exhaust flow with the measured exhaust line 
concentrations. The only concession to delay time is to shift 
the curve back the 15 seconds from initiation of melt teem to 
portcullis closure. No aerosol transport losses have been 
calculated. 

The aerosol size distributions have been presented in the 
data section. The aerosol measured in both tests is character- 
ized by a unimodal distribution with a mass mean aerodynamic 
diameter of about 1 to 2 pm and a geometric standard deviation of 
about 2.0. 

Table 4.4 gives the mass source rate of release for Mo, Te, 
and U at two times for TURC2. These are based on the aerosol 
mass source term calculations and the XRF analysis of filter 
samples from the test. The ranges given reflect only the 
particle loss estimates and not measurement uncertainty. The 
*14% uncertainty in source measurement is applicable to the 
results reported in Table 4.4. 
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Table 4.4 

Elemental Mass Source Rate from TURC2 

Elemental Source Rate (mg/sec) 

A E 
Element (0 to 5 sec) (35 to 103 sec) 

Mo 6.7 to 7.4 3.3 to 3.7 

Te 32 to 35 3.7 to 4.1 

U 10 to 11 2.5 to 2.8 

Range reflects uncertainty in particle loss during 
transport. 



5. SUMMARY 

Two experiments, TURC2, a UO2/Zr02--concrete interaction 
experiment, and TURC3, a U02/Zr02/Zr-concrete interaction experi- 
ment, are reported here. 

The TURC2 experiment consisted of 147.2 kg of molten 
UO2/ZrO2 teemed upon limestone common sand concrete. The melt 
was not internally heated, thus the melt pool cooled naturally. 
TURC3 was physically similar to TURC2 except the molten debris 
consisted of 46.45 Kg of U02/Zr02/Zr. 

Recorded data for both tests consisted of the thermal 
response of the crucible, sampling of evolved gases and the 
collection of aerosol material. 

No significant concrete erosion was observed in either 
experiment (< 5 m m ) .  Experimental data and additional analysis 
indicates the formation of a stable crust at the melt pool- 
concrete interface, which in turn inhibited heat transfer to the 
concrete. Transient heat conduction into the concrete was 
observed, resulting in the decomposition of the concrete. 

Analysis of the gases released from the TURC2 experiment 
during concrete decomposition suggests C02 and H20 were reduced 
to CO and H2, respectively. This is significant in light of the 
fact the current models within the CORCON code9,13 do not allow 
oxidic melts to reduce released gases. The TURC3 gas analysis 
showed similar evidence of C02 and H 2 0  reduction, with higher 
molar fractions of CO production than TURC2. These data suggest 
the importance of the bulk melt pool composition on the produc- 
tion rates of combustible gases. 

Both the TURC2 gas composition data and the thermal response 
of the interaction crucible indicate the released gases from the 
concrete did not disrupt the melt-concrete interface crust. The 
data suggests the gases flowed along the melt-concrete interface 
and up the sidewalls or flowed up through the melt in solidified 
channels. This observation demonstrates another important role 
of stable crust formation, namely prohibiting gases to purge a 
liquid melt pool at its saturation temperature. Therefore a 
major aerosol production mechanism is impeded and fission produc- 
tion transport by this mechanism from the melt will be decreased. 

Aerosol measurements showed aerosol concentrations of 62.1- 
0.55 g/m3 for TURC2 an& 24.3-3.4 g/m3 for TURC3. 
aerosol size distribution for both experiments showed an unimodal 

The measure 
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distribution with a mass mean aerodynamic diameter of approxi- 
mately 1-2 pm. The estimate mass source rate after portcullis 
closure varied from 0.32 g/sec to 3.8 mg/sec for TURC2 and 5.3 
g/sec to 39 mg/sec for TURC3 (based on the reported gas flows). 
Release rates for Mo, Te, and U were determined for the TURC2 
experiment. Mo release was observed to be released at 6.3-3.7 
mg/sec, while Te release was 29.8-4.1 mg/sec. U release followed 
the same trend and magnitude of Mo with release rates of 8.3-2.8 
mg/sec. Table 4.3 contains these release figures. 

A thermal analysis of the TURC2 and TURC3 experiments has 
been performed. The results of this analysis suggest the follow- 
ing sequence of events. Upon contact of the melt material with 
the concrete approximately 1-2 mm of ablation occurred. During 
this same period rapid crust growth was occurring. The rate of 
crust growth and boundary layer temperature depression exceeded 
the rate at which the mixture melt point (U02/ZrO~-concrete) was 
depressed so that only limited ablation occurred. Thermal resis- 
tances were predicted to exist between the solidifying pool and 
the MgO sidewall in both experiments. A significant thermal 
resistance from the concrete mid radius outward was predicted to 
exist in the TURC3 experiment. Thus significant 2-D effects 
within the concrete slug were present in the TURC3 tests. 
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